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Figure 5-1. Cyclic voltammogram of 1 mM Mn(bipy-tBu)(CO)3Br in acetonitrile 

under an atmosphere of argon. Electrochemical conditions were 0.1 M TBAH as 
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Figure 5-9. Three species are observed in the IR-SEC of complex 1 under an 

atmosphere of N2. The rest species (black) has three characteristic ν(CO) stretches at 

2028, 1933 and 1923 cm
–1
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1807 cm
–1

, similar in shape to those of the closely related [Re(bipy-tBu)(CO)3]
–1

, but 

red shifted 40 cm
–1
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Figure 6-11. Set-up for the metalation of bipyridine ligands covalently attached to p-

Si. A reflux condenser is attached in the “Argon in” hole and the reaction flask is 

heated by sand bath. The 1 cm
2
 p-Si wafers are propped inside 7.5 mL scintillation 

vials to assure constant exposure of the modified surface with the bulk solution. .... 206 
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Electrocatalytic reduction of carbon dioxide to carbon monoxide by rhenium and 

manganese polypyridyl catalysts 

 

by 

 

Jonathan Mark Smieja 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2012 

Professor Clifford P. Kubiak, Chair 

 

 The electrocatalytic reduction of carbon dioxide (CO2) to carbon monoxide 

(CO) is explored for both rhenium and manganese complexes. Electrochemistry, X-

ray crystallography, Infrared spectroelectrochemistry, and stopped-flow kinetics are 

employed in order to identify catalysts and probe their mechanism and selectivity. 

 Two catalysts in particular, Re(bipy-tBu)(CO)3(L) and Mn(bipy-tBu)(CO)3L 

(where bipy-tBu = 4,4’-di-tert-butyl-2,2’-bipyridine and L = Cl
–
, Br

–
 or 

(MeCN)(OTf)
–
), were studied extensively and displayed high activity, Faradaic 

efficiency, and selectivity for the reduction of CO2 to CO. The Re-Cl catalyst exhibits 

a turnover frequency of >200 s
–1

, one of the fastest reported rates for a catalyst with 
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appreciable turnover number. The Mn catalysts, when Brönsted acid sources are added 

to the electrochemical solution, exhibit current densities rivaling those of the Re-Cl 

catalyst. Amazingly, these catalysts showed high selectivity for CO2 in both dry 

solvents and those with significant amounts of Brönsted acid added. Stopped-flow 

UV-Vis kinetics experiments showed that the reaction of the active form of the 

catalysts, [M(bipy-tBu)(CO)]
–1

, is ca. 50 times faster with CO2 than they do with 

protons. Stopped-flow IR kinetics experiments comparing the reactions [Re(bipy-

tBu)(CO)3]
–1

 with CO2 and [Re(bipy)(CO)3]
–1

 with CO2 shows, that at equal CO2 

concentrations, the bipy-tBu analog reacts ten times faster than the bipy analog. CO2 

also appears to react with both complexes via a concerted, two-electron oxidative 

addition of CO2 to the metal center. 

 The heterogenization of these catalysts was also explored with limited success. 

Intercalation, covalent bonds to gold, and covalent bonds to p-Si were all 

demonstrated, but none displayed activity towards the reduction of CO2. Future 

experiments are suggested to solve this issue. 
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Chapter 1 Chapter 1 

Chapter 1 

 

Without fossil fuels: a look at the challenges ahead and 

solutions for future generations. 

 

1.1 The Problem 

 The world has gone through wholesale changes in its energy system in the 

past. The key to survival is to recognize the issues at hand and adapt before a collapse 

occurs. Before 1900, humans relied heavily on wood to heat homes, cook food, and 

supply the energy for life’s activities. The population grew as a direct result of the 

energy wood provided, and eventually the constraints of nature took over. Wood 

became scarce, populations suffered, and a new energy source had to be discovered to 

sustain civilization (Figure 1-1).
1
 Humans were able to survive and thrive through the 

discovery and wide implementation of coal and petroleum as new energy sources. 

The problem we face today with our energy system may seem similar at face 

value. The burning of fossil fuels such as coal, oil, and natural gas has been a boon to 

society for more than 100 years and has propelled the human population to both size 



2 

 
 

 

 
 

and wealth that was unimaginable in the wood-based energy economy that preceded it. 

The problem today, though, is being played out on a much larger scale. Fossil fuel 

resources are finite, and humans are using those resources at alarming rates. The world 

consumption of oil, for instance, currently stands at ca. 84 million barrels per day.
1
 

Many countries, the United States included, that were once among the largest 

producers of crude oil are on the decline of the peak oil production curve, and the 

world as a whole may be at or past the peak (Figure 1-2).
2
 The combination of 

growing demand and shrinking supply is working to increase the price of oil and is 

likely to make access to energy a challenge in emerging markets. The same issues that 

 
 

Figure 1-1. Energy resource use from 1775–2010.
1
 This graph displays not only the shift in energy 

from wood to fossil fuels, but also shows that total energy usage has increased substantially since 1900 

due to the industrial revolution and the large increase in world population over that time. 
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affect oil supply and price are likely to affect coal and natural gas in the not-so-distant 

future, as they are also subject to a peak followed by a decline.  

Unlike the pre-1900 problem of wood scarcity that was largely regional and 

recoverable over time, the problem of fossil fuel scarcity we face today is worldwide 

and permanent. To add to the problem, the human population was 1.7 billion at the 

time of the discovery of oil only 100 years ago,
3
 but is currently approaching 7 

billion.
4
 The growth in population made possible by the energy derived from coal and 

oil not only puts a strain on energy resources, but it also puts a strain on fresh water 

sources, food supplies, raw industrial products, and the world’s forests. All this strain 

makes the current human situation look very much like we are heading for what 

ecologists refer to as an “overshoot-and-collapse.” In this scenario, the demand for 

energy and resources exceeds the sustainable yield of natural systems, and if 

 
 

Figure 1-2. United States oil production from 1900-2010. The shape of this curve is similar to other 

oil production curves for those countries that have passed peak production and is projected to mirror 

the shape of the World’s oil production. Source: United States Energy Information Administration.
2
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significant changes are not made, a societal collapse can occur. To avoid collapse, the 

human population must adapt quickly to either drastically decrease overall energy use 

through efficiency and rationing or transition to a new form of energy, or more likely, 

a combination of the two. 

 A scarcity of energy resources (amongst other commodities) often results in 

international conflict, widening of the gap between rich and poor, and regional 

inequalities. To avoid these issues, new technology must be implemented. Some 

implementation of new energy resources has already begun, as can be seen in Figure 

1-1, but the overwhelming majority of the World’s energy still comes from fossil fuel 

resources. One solution to this problem is to roll out solar and wind power en masse. 

These energy sources have more than enough capability/capacity to supply the world’s 

energy needs, but suffer from intermittency and high cost. It is easy to see that solar 

photovoltaics cannot supply energy at night and wind turbines cannot supply energy 

when the wind doesn’t blow (i.e., intermittency). In addition, some areas in the U.S. 

receive over 80% of the possible sun irradiation (Yuma, AZ, Las Vegas, NV, etc.), 

while others get less than 40% (Juneau, AK, Mount Washington, NH, etc.).
5
 The issue 

of high cost can be overcome through research, technical advancement, economies of 

scale,
6
 and through the proper pricing of the externalities of dirty fuels such as coal 

and oil. Solar photovoltaic electricity generation, for example, has decreased in price 

significantly since systems hit the commercial market in 1978.
7
 The key to 

overcoming these issues, then, is to develop ways to store the large amounts of energy 

that solar and wind can provide. 
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Another problem we face today comes from climate change. Climate change is 

an accepted phenomenon among most scientists of the 21
st
 century but is currently a 

hot topic dividing citizens and political parties worldwide. We will not debate the 

reality of climate change caused by human activity here. It is instructive, nonetheless, 

to discuss the possible planetary changes in store for the Earth as greenhouse gas 

concentrations increase, polar ice caps melt, and the globe warms. Initial changes in 

temperature can follow three different manifolds, as shown in Figure 1-3.
8
 Any of 

these climate change regimes will disrupt ecosystems, affect global economies, and 

change the Earth’s landscape forever. A large majority of climate scientists agree that 

atmospheric CO2 concentrations must be held at a level much lower than our current 

trajectory to avoid disruptive changes in climate, and that action must be quickly taken 

to do so. 

CO2 emissions are everywhere in life (Figure 1-4). The two largest emitters by 

far are the electricity generation and transportation sectors. One way to think about the 

emission of CO2 in to the atmosphere is with some algebra introduced by Bill Gates in 

 
 

Figure 1-3. Possible temperature anomalies in a future with climate change.
8
 The first possibility 

(left) is that the distribution of temperature will not change, but the average will shift to become 

hotter. The second possibility (center) is that the average will not change, but the distribution will 

change so as to make colder and hotter temperatures more likely. The third, and most probable, 

possibility (right) is that the average temperature will shift hotter and the distribution will become 

wider so that extreme heat events and erratic weather both become more likely. 
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his 2010 TED talk.
9
 Equation 1-1 below summarizes the emissions of CO2 and 

provides a logical way to think about limiting those emissions.  

 

CO2e = P x S x E x (CO2/E)  E1-1 

    

In this equation, CO2e represents emissions of CO2 equivalents in to the 

atmosphere, P is the number of people on Earth, S is the services those people use for 

everyday life, E is the energy needed for those services, and (CO2/E) is the quantity of 

 
 

Figure 1-4. CO2 equivalent (CO2e) emissions for sectors with large emissions in the United States. 

Transportation and electricity generation account for more than 70% of the total CO2e emissions 

and could be substantially decreased or eliminated by reducing CO2 from the atmosphere to liquid 

fuels for renewable energy storage as well as for transportation fuel. 
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CO2 per unit of energy. To get a handle on climate change and stabilize greenhouse 

gas concentrations, we must move the CO2 quantity on the left side of the equation as 

close to zero as possible. How do we accomplish this goal?  

It is clear that population is still growing and that this presents its own set of 

problems and strains on the environment. The population is estimated to rise until 

2050 to a maximum of ca. nine billion before stabilizing and possibly decreasing after 

that.
10

 In an ideal situation, all nine billion of those people will have access to basic 

services including health care, housing, fresh water, food, etc. Those services all use 

energy. In addition, new individuals and populations are climbing out of poverty every 

day and using more and more services, including a service with substantial associated 

emissions: the personal automobile. This phenomenon means that we will not see the 

S in the equation drop towards zero any time in the foreseeable future. E is tied 

directly to services. Increases in efficiency have, can, and will continue to lower the 

amount of energy per service, but it is unlikely that those increases in efficiency will 

be able to extend far below one-half of the energy per service that we currently 

observe. Therefore, the only variable in the equation that can possibly go to zero in the 

future is the CO2/E term. According to the U.S. Energy Information Administration, 

86% of the world’s energy comes from the burning of fossil fuels.
11

 Because all 

burning of fossil fuels contributes to greenhouse gas emissions, it is imperative that 

the world shift its energy uses to carbon free or carbon neutral energy resources so that 

the CO2/E term in the equation drops and the overall product trends towards zero.        
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The wide deployment of renewable and clean energy systems can accomplish a 

large part of this goal if a suitable energy storage medium can be found. There is still, 

however, the issue of transportation fuel. There will be a need for high energy density 

liquid transportation fuels for the foreseeable future even if the majority of everyday 

commuting and regular driving is electrified. Uses for liquid fuels in the near (and not 

so near future) include air travel, long distance transport of goods, and powering large 

machinery for industrial and agricultural purposes.  

One technology that has the potential to meet both the energy storage and 

transportation needs is the reverse combustion of CO2 and H2O to liquid fuels. 

Significant research must be done to make this option a reality. However, the benefits 

of accomplishing this goal would be enormous, as the fuels created would fit well into 

the existing infrastructure and would effectively recycle atmospheric carbon dioxide. 

In the next section I will discuss our approach for accomplishing this transformation. 

 

1.2 The Electrocatalytic Approach 

While universal transportation electrification remains an important societal 

goal, many transportation applications will continue to require the high mass and 

volumetric energy storage density of liquid hydrocarbon fuels. The catalytic 

conversion of CO2 and H2O to liquid fuels is a process that would positively impact 

the global carbon balance by recycling CO2 from the atmosphere. The challenges 

presented here are great, but the potential rewards are enormous. CO2 is a stable 

molecule generally produced by fossil fuel combustion and respiration. Returning CO2 
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to a useful state by activation/reduction is a scientifically challenging problem, 

requiring appropriate catalysts and energy input. This poses several fundamental 

challenges in chemical catalysis, electrochemistry, photochemistry, semiconductor 

physics and engineering. In addition, substantial research must be done to advance 

atmospheric CO2 collection strategies to be both cost and energy efficient, but that is a 

topic for a different day and a different author. 

With respect to CO2 reduction to liquid fuels or fuel precursors, proton-

coupled multi-electron steps are more favorable than single electron reductions, as 

thermodynamically more stable molecules are produced. This condition is summarized 

in Equations 1-2 to 1-6 (with potentials given for pH 7 in aqueous solution versus 

NHE, 25 °C, 1 atmosphere gas pressures, and 1 M for the other solutes).
12, 13

 In 

contrast, the single electron reduction of CO2 to CO2
•–

 occurs at E° = –1.90 V 

(Equation 1-7) due to a large reorganizational barrier between the linear molecule and 

bent radical anion. 

 

CO2 + 2H
+
 + 2e-  CO + H2O  E° = – 0.53 V  E1-2 

CO2 + 2H
+
 + 2e-  HCO2H   E° = – 0.61 V  E1-3 

CO2 + 4H
+
 + 4e-  HCHO + H2O  E° = – 0.48 V  E1-4 

CO2 + 6H
+
 + 6e-  CH3OH + H2O  E° = – 0.38 V  E1-5 

CO2 + 8H
+
 + 8e-  CH4 + 2H2O  E° = – 0.24 V  E1-6 

CO2 + e-  CO2 
• -

    E° = – 1.90 V  E1-7 

 

 

One key problem in the conversion of CO2 to liquid fuels is the assembly of 

the nuclei and chemical bonds to convert a relatively simple molecule into a more 

energetic one. Strategically, there are two primary ways to conceptualize this problem. 
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The first is to convert CO2 and H2O into CO and H2 (synthesis gas), and then to use 

well-proven (but expensive) Fischer-Tröpsch technologies to convert the synthesis gas 

to liquid fuels, including diesel fuel and gasoline.
14

 The advantage here is that it is 

considerably easier to convert CO2 to CO and H2O to H2 than it is to make even a 

simple liquid fuel such as methanol by electrocatalytic processes. The second primary 

option is to convert CO2 directly to liquid fuels by an electrocatalytic process. Here, 

the kinetic challenges are great. One possibility is to identify a single catalyst that can 

direct the complete sequence of steps necessary for converting CO2 to formic acid 

(HCOOH), then to formaldehyde (H2CO), then to hydrocarbons or alcohols, all with 

low kinetic barriers. Catalysts that bring the required functionalities into the proper 

position at the proper time will be required. A second possibility is to identify catalyst 

“panels,” where each panel contains optimal catalysts for each of the steps in the 

overall transformation of CO2 to liquid fuel (Figure 1-5). Here we envision three 

catalysts (each optimized for a particular reaction) that could produce first formic acid, 

then formaldehyde, and finally release methanol. An advantage of the parallel 

approach is that the catalysts for each step can be optimized independently using 

combinatorial or traditional ligand tuning methods, and then the catalyst panel can be 

assembled from the proven catalyst components. Literature precedent for such an 

approach does exist, as recently reported by Huff and Sanford.
15

 In their system, 

however, the panel consisted of a catalyst for the reduction of CO2 to formic acid, 

followed by a catalyst for the esterification of formic acid to a formate ester, and 

finally a catalyst for the hydrogenation of the ester to release methanol. One challenge 
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to this approach, however, is that of avoiding catalyst poisoning issues, and will 

require by careful transport of products from reaction vessel to reaction vessel or 

making several catalysts compatible with each other.  

This dissertation will focus largely on the conversion of CO2 to CO for later 

use as a component in synthesis gas, but research is ongoing in many laboratories, 

including our own, to identify methods for the transformation of CO2 directly to liquid 

fuels using single catalysts,
16

 algae
17, 18

 or catalyst panels.
15

 

 

 
 

Figure 1-5. Proposed pathway for the tandem catalytic reduction of CO2 to methanol. A series of 

catalysts that each contributes to the overall reduction of CO2 to methanol in optimized single steps. 
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1.3 Electrocatalysis Tutorial 

  If the reduction of carbon dioxide to liquid fuels is to be accomplished through 

photovoltaic or other electrochemical means, the deployment of efficient 

electrocatalysts will be necessary. An electrocatalyst participates in both an electron 

transfer reaction (at an electrode) and facilitates acceleration of a chemical reaction. 

The electron transfer and chemical kinetics must both be optimized for an efficient 

electrocatalyst. Additionally, an optimal electrocatalyst must display a good 

thermodynamic match between the redox potential (E°) for the electron transfer 

reaction and the chemical reaction that is being catalyzed (e.g., the reduction of CO2 to 

CO). These factors can be optimized through the chemical tuning of the electrocatalyst 

metal centers via appropriate ligand design. Electrocatalysts are typically screened for 

their redox potentials, current efficiencies, electron transfer rate constants and 

chemical kinetics in order to identify the best overall catalysts.  

 In general, electrocatalysts are electron transfer agents that ideally operate near 

the thermodynamic potential of the reaction to be driven, E
°
(products/substrates) 

(Figure 1-6). The direct electrochemical reduction of carbon dioxide on most electrode 

surfaces requires a large overvoltage and consequently the overall system conversion 

efficiency suffers. The overvoltage can be considered to be the difference between the 

applied electrode potential, Vapplied, and the thermodynamic potential for the desired 

reaction, E
°
(products/substrates). Both thermodynamic and kinetic considerations are 

important here. Clearly, in order to minimize overvoltages while maintaining 

appreciable current densities, catalysts need to be developed that have formal 
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potentials, E
°
(Cat

n+/0
), well matched to the E

°
(products/substrates), and appreciable 

rate constants, kcat, for the chemical reduction of substrates to products at this 

potential. In addition, the heterogeneous rate constant, kH, for the electronic reduction 

of the electrocatalyst must be high for Vapplied near E
°
(Cat

n+/0
).  

Reaction rates for these processes can be estimated from the steady-state 

limiting current in cyclic voltammetry or by rotating disk voltammetry studies of the 

heterogeneous electron transfer kinetics. Homogeneous electrocatalytic activity can be 

identified easily in a cyclic voltammogram (CV) (Figure 1-7). In a CV under a dry and 

inert atmosphere, an electrocatalyst should show a reversible or quasi-reversible redox 

couple. Upon addition of CO2, however, the diffusion limited current increases, the 

potential shifts anodically, and the reversibility in the return oxidation wave is lost due 

to the chemical reaction between CO2 and the electrocatalyst. The conversion of CO2 

 
 

Figure 1-6. A general scheme for the electrocatalytic reduction of a substrate by a homogeneous 

electrocatalyst includes the heterogeneous electron transfer from the electrode to the catalyst (kH), 

the rate of homogeneous catalysis (kcat), and various potentials including the voltage applied by the 

electrode (Vapplied), the E
°
 for the catalyst, and the E

°
 for the products being made in the reaction.  
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to CO requires two electrons. In the case of the rhenium system in Figure 1-7 the 

electrons enter the catalyst sequentially, with the first electron transferred to the 

bipyridine and the second to the metal center (discussed in Chapter 2 of this 

dissertation). The two electrons can then be transferred to CO2 simultaneously through 

the rhenium center. Electrocatalysts can offer lower overpotentials for chemical 

reactions, improve selectivity, and increase the reaction kinetics of carbon dioxide 

conversion.  

The field of transition metal-catalyzed reduction of CO2 is relatively new, with 

its origins tracing back to the 1970's, but the field has gained in breadth and intensity 

over the last 30 years. Before reviewing the important studies in the electrocatalytic 

reduction of CO2, though, we must consider several molecular studies of the reactivity 

 
 

Figure 1-7. Example cyclic voltammogram (CV) under (a) Ar and (b) CO2. Under a CO2 

environment we observe an anodic potential shift, an increase in current, and a non-reversible 

waveform.  
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of CO2 toward transition metal complexes. Aresta and Nobile published the first 

crystal structure of CO2 bound to a transition metal complex in 1975: an 
2
-bidentate 

binding mode involving the carbon atom and one oxygen atom, with significant 

bending in the CO2 structure.
19

 Another important study came in 1981, when 

Darensbourg and co-workers reported that anionic group 6B metal hydrides would 

react readily with CO2 to form metal formate complexes.
20

 This reaction proceeds 

according to Equation 1-8 and is believed to be essential in the water-gas shift reaction 

catalyzed by metal carbonyl complexes in basic solutions. 

 

HM(CO)5
-
 + CO2 ↔ HC(O)OM(CO)5

–
 E1-8 

  

Transition metal-catalyzed reductions of CO2 were preceded by work focused 

on the reduction of CO2 at various types of electrode materials. The most successful 

electrode for the reduction of CO2 to formic acid was found to be a mercury drop 

electrode. Although groups had studied this reaction previously, Eyring and co-

workers reported an in-depth study of the mechanism and kinetics of the reaction in 

1969. They were able to obtain current efficiencies of 100% in pH 6.7 solutions with a 

lithium bicarbonate electrolyte.
21

 Since then many more studies reporting the 

electrocatalytic reduction of CO2 to value-added products at electrode surfaces have 

been published, including a study by Hori et al. reporting the Faradaic efficiencies for 

many products of CO2 reduction at many metal electrodes.
22

 To better visualize the 

wide variety of products produced at these surfaces I have adapted the data from the 
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Hori paper to Figure 1-8 below. These studies have helped direct the development of 

molecular catalysts and have been very important for the advancement of the field.   

In the years following these first examples of carbon dioxide activation, many 

reports appeared in the literature that can be divided into three major categories: (1) 

metal catalysts with macrocyclic ligands, (2) metal catalysts with phosphine ligands, 

and (3) metal catalysts with bipyridine ligands. These seminal studies are summarized 

 
 

Figure 1-8. Product distribution for the electrocatalytic reduction of CO2 to value-added products at 

various metal electrodes. Important points about this graph are, 1) the high percentage of H2 made at 

many metal electrodes in aqueous solution, 2) the tendency of metal electrodes to make high 

percentages of two electron reduced species, and 3) the wide distribution of products made at 

electrodes that are able to reduce CO2 by more than two electrons to products such as alkanes, 

alkenes, and alcohols. 
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in a 2009 review by our group.
23

 

 

1.4 The Re(bipy)(CO)3(L) System 

The first report of catalysis by the Re(bipy)(CO)3X came in 1983 by 

Hawecker, Lehn, and Ziessel.
25

 In that study, the Re complex was used as both a 

photosensitizer and a photocatalyst that acted to perform the two electron reduction of 

CO2 to CO. The source of CO was confirmed using 
13

CO2 and the catalyst displayed 

higher turnover numbers than even the best-case scenario with Ru(bipy)3
2+

/Co
II
.  

In 1984 the Lehn group reported the electrocatalytic reduction of CO2 using 

Re(bipy)(CO)3Cl (bipy = 2,2’-bipyridine).
26

 Using this rhenium bipyridine complex 

they were able to show the selective reduction of CO2 to CO at a potential of -1.49 V 

vs. SCE using a 9:1 DMF/H2O solution.  It was also noted that as the percentage of 

water was increased the selectivity for CO was diminished, and when the reduction 

was run under an atmosphere of argon, only molecular hydrogen was produced.  

While this system had high current efficiencies (98%), and excellent selectivity for 

carbon monoxide over hydrogen production, the limiting factor was the low TOF of 

21 hour
–1

 calculated using bulk electrolysis experimental yields. The communications 

described in this and the previous paragraph, were expanded in a follow-up full paper 

in 1986 that further described the studies as well as mechanistic experiments and 

changes in the catalytic conditions.
27

  

The system has been studied extensively since those seminal studies by 

experimentalists and theorists, electrocatalytic and photocatalytic groups, and by 
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several who were not even interested in the catalytic properties of the complex. We 

find it informative to reflect on these studies before delving in to the current research. 

We will discuss here the “non-catalysis” studies, photocatalytic studies, and 

electrocatalytic studies for complexes of the type Re(-diimine)(CO)3L. 

Very early reports on the Re(bipy) system from Sullivan and Meyer looked at 

CO2 insertion into the Re-H bond of Re(bipy)(CO)3H. It was observed that the 

complex underwent both photo-induced 
27

 and thermally activated 
28

 reactions with 

CO2. The photo-induced reaction was reported first in a very short communication. 

The thermally activated reaction, though, was later reported to form a stable formate 

complex in THF, acetone, CH3CN, and other solvents. In this in-depth report, the 

authors were able to establish a first-order dependence of kobs on [CO2] and dramatic 

solvent effects for the CO2 insertion. Based on this study it is reasonable to 

hypothesize that electrochemical catalysis in the presence of protons could lead to the 

production of formate instead of CO. This was addressed in the research and will be 

discussed in depth in Chapter 3. 

A number of groups have studied the photophysical properties of the 

Re(bipy)(CO)3X system. One such study by Meyer and co-workers found that, 

amongst other things, the energetic separation between the d(Re) and 
*
(4,4’-X2-

bipy) (where X = NH2, NEt2, NHCOCH3, OCH3, CH3, H, Ph, Cl, CO2Et or NO2) 

orbitals is high.
28

 This leads to enhanced excited-ground state energy gaps, decreased 

-
*
 mixing, and decreased oscillator strengths. They also found that the extent of the 
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distortion in the 4,4’-X2-bipy ligand in the excited state increases linearly with the 

energy gap between the excited and ground states. 

Another important set of experiments was conducted by Hartl and co-workers 

and published in 1995.
29

 It was not only the first published IR and UV-Vis 

spectroelectrochemistry published for the system, but it also showed that the stability 

of the Re-L’ bond (L’ = halide, OTf
–
, THF, MeCN, n-PrCN, PPh3, or P(OMe)3) is 

altered drastically in the reduced state by the nature of the -diimine ligand (bipy, i-

Pr-PyCa, dapa, dpp, or abpy) and its ability to accommodate the unpaired electron in 

its 
*
 LUMO. That sixth coordination spot is very important for catalysis as the 

position for substrate binding, as we will see throughout this dissertation. 

The star of this dissertation is Re(bipy-tBu)(CO)3(L) (where bipy-tBu = 4,4’-

di-tert-butyl-2,2’-bipyridine and L = halide, MeCN, or pyridine). The first report of 

that specific complex was a photophysical report by Yam and co-workers in 1995.
30

 

The X-ray crystal structure of Re(bipy-tBu)(CO)3Cl was reported at room temperature 

and showed a slightly distorted octahedron with the three carbonyl ligands arranged in 

a facial fashion. The other main findings of that paper are not important for the current 

discussion. 

Some efforts have been made to heterogenize CO2 photo- and electrocatalysts. 

One such strategy involved zeolite-entrapped molecules. In that scenario, the steric 

and electrostatic constraints in the zeolite altered the photochemical and photophysical 

properties of the guest complex.
31

 Re(bipy)(CO)3Cl and [Re(bipy)(CO)3(py)]
+
 have 

been encapsulated in NaY and A1MCM-41 molecular sieves respectively, and their 
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photocatalytic properties have been studied.
32

 In each case, the photoirradiation of the 

heterogenized complex under 100 Torr CO2 led to the production of CO (measured by 

GC) and carbonate (measured by IR) species. The authors concluded that, in both 

systems, the molecular sieve acted as an electron donor to afford [Re(bipy)(CO)3L]
–
 

that can go on to react with CO2. Another study by Cosnier, Deronzier and Moutet 

showed the electrocatalytic reduction of CO2 on electrodes modified by 

Re(bipy)(CO)3Cl bound to polypyrrole films.
33

 The system described in that report 

operates with high Faradaic efficiency and catalytic efficiency corresponding to an 

optimum film thickness. 

A thorough study of the photocatalytic properties of many different Re
I
 

complexes was reported in 2006 by Alberto and co-workers.
34

 A head-to-head 

comparison of catalysts that varied in diimine ligand, anion X ligand, and metal center 

was completed. The nature of the diimine ligand affected the yield of CO in those 

experiments, but the nature of the anionic X ligand also played a major role. Studies 

like this were one major motivation for modifications of Re(bipy)(CO)3Cl as an 

electrocatalyst for the reduction of CO2 to CO in this dissertation. 

Several attempts have been made to elucidate the electrocatalytic reduction 

mechanism for the system. Meyer et al. identified both one- and two-electron 

pathways for the reduction of CO2 to CO by rhenium complexes.
35

 The one-electron 

pathway leads to the disproportionation reaction yielding CO and CO3
2–

, while the 

two-electron pathway leads to the formation of CO with no detectable amount of 

CO3
2–

. They also established that, after the first reduction of the complex, reversible 
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dimer formation occurs. Pre-catalytic species were further studied by Hartl, Turner, 

and co-workers using infrared spectroelectrochemistry (IR-SEC).
36

 IR-SEC 

experiments revealed the pre-catalytic reduction species in detail, including the bipy-

based first reduction, the dimer formation, and the metal-based second reduction. 

Another important study came from Wong, Chung and Lau in 1998. They 

probed both rate enhancement and mechanism of CO2 reduction to CO by the addition 

of weak Brönsted acids to Re(bipy)(CO)3L(OTf) where L is either acetonitrile or 

pyridine.
37

 Two major findings came from their experiments that are relevant to this 

dissertation. The first is that the addition of Brönsted acids leads to a large increase in 

catalytic current, pointing to a synergistic effect of proton sources as “co-catalysts” or 

“co-substrates.” The second is that the rate of catalysis displayed a second-order 

dependence on [H
+
]. This is important when exploring possible mechanistic pathways 

because it points to the double protonation of one of the oxygen atoms on CO2 to be 

released as H2O. 

With this rich history of research on rhenium complexes in mind, we set out to 

improve the catalytic activity of these complexes. We also hoped to gain valuable 

insight for the future development of catalysts based on earth-abundant metals that 

display high turnover rates, high turnover numbers, high Faradaic efficiencies, and 

low overpotentials. 
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Note: Much of the material for this chapter comes directly from a manuscript entitled 

“Electrocatalytic and homogeneous approaches to conversion of CO2 to liquid fuels” 

by Eric E. Benson, Clifford P. Kubiak, Aaron J. Sathrum, and Jonathan M. Smieja, 

which has been published in Chemical Society Reviews, 2009, 38, 89-99. 

http://dx.doi.org/10.1039/B804323J. The dissertation author is an equal contributor to 

this manuscript. 

  

http://dx.doi.org/10.1039/B804323J
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Chapter 2 Chapter 2 

Chapter 2 

 

Re(bipy-tBu)(CO)3Cl – improved catalytic activity for 

reduction of carbon dioxide. IR-Spectroelectrochemical 

and mechanistic studies. 

 

2.1 Introduction 

In general, there are three main classes of synthetic carbon dioxide (CO2) 

reduction catalysts. These are: 1) metal complexes with macrocyclic ligands, 2) metal 

complexes with phosphine ligands, and 3) metal complexes with bipyridine ligands.
1
 

Of these classes of catalysts, metal bipyridine complexes have shown both reasonable 

activities and lifetimes. In particular, the complex Re(bipy)(CO)3Cl (where bipy = 

2,2’-bipyridine) [2], reported by Lehn and co-workers in 1984, was reported to 

catalyze the reduction of CO2 to carbon monoxide (CO) on a glassy carbon electrode 

in a 9:1 DMF:H2O solution during a 14 hour experiment with 98% Faradaic efficiency 

and no significant decrease in performance from catalyst degradation.
2, 3
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 Photoreduction of CO2 to CO has also been reported using Re(bipy)(CO)3X 

complexes (where X is an anionic ligand).
3-8

 In these experiments, monochromatic 

light and a sacrificial donor (triethylamine, nitroethanol, or triethanolamine) were used 

to effect photocatalysis. 

 In the time since Lehn’s original report of the Re(bipy)(CO)3Cl catalyst many 

other synthetic CO2 reduction catalysts have been reported as summarized in reference 

1. The best of these catalysts in terms of rate constant (1000 M
–1

s
–1

) is the bimetallic 

Pd-phosphine developed by Dubois and co-workers, but this catalyst has a turnover 

number of only eight.
9
 [Pd(tridentate)(solvent)](BF4)2] catalysts with more reasonable 

turnover numbers in the hundreds or more have also been developed, but in that case 

the rate constant drops to only ~150 M
–1

s
–1

.
9, 10

  

Other complexes with modified bipyridine ligands have been reported, 

including Re(bipy-COOH)(CO)3Cl (bipy-COOH = 4,4’-dicarboxyl-2,2’-bipyridine) 

[1],
11

 Re(dmb)(CO)3Cl (dmb = 4,4’-dimethyl-2,2’-bipyridine) [3],
12-14

 Re(bipy-

tBu)(CO)3Cl (bipy-tBu = 4,4’-di-tert-butyl-2,2’-bipyridine) [4],
15

 and Re(bipy-

OMe)(CO)3Cl (bipy-OMe = 4,4’-dimethoxy-2,2’-bipyridine) [5],
8
 but none of those 

complexes were studied for electrocatalytic reduction of CO2.  

In this study, all of the above complexes were studied by cyclic voltammetry to 

determine their relative reactivity in the catalytic reduction of carbon dioxide. In the 

end, we determined that complex [4] is the best catalyst in the group with a second 

order rate constant of 1000 M
–1

s
–1

 and a Faradaic efficiency of 99 ± 2 %; a marked 

improvement in rate of catalysis over the original Lehn catalyst, [2]. The catalyst also 
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showed long term stability, displaying no significant loss in activity over the course of 

a five hour bulk electrolysis experiment. IR-spectroelectrochemical studies of this 

catalyst revealed several mechanistic details which suggest important considerations 

for future improvement of CO2 reduction catalysts. 

 

2.2 Results and Discussion 

Electrochemical studies. Electrochemical studies of a series of Re(bipyridyl)(CO)3Cl 

complexes showed that the bipyridine ligand substituents affect the first and second 

reduction potentials. A series of five complexes with varying electron 

donating/withdrawing substituents in the 4,4’ positions of the bipyridine ligand were 

studied: COOH [1] < H [2] < Me [3] < tBu [4] < OCH3 [5] (Figure 2-1). It is 

convenient to consider the complexes in the above order because of increasing pKa of 

the pyridine ligand (4-carboxylpyridine pKa = 3.10, pyridine pKa = 5.17, 4-

methylpyridine pKa = 5.94, 4-tert-butylpyridine pKa = 5.99, 4-methoxypyridine pKa = 

6.62).
16

 This trend is reflected in the increasingly negative reduction potentials for the 

 
 

Figure 2-1. Synthetic scheme for complexes [1]–[5] in this chapter. Further synthetic detail is found 

in the experimental section. 
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series, and it is also reflected in the ν(CO) values observed in the IR spectra (Table 2-

1).  All cyclic voltammograms (CVs) of these complexes displayed similar features 

under an atmosphere of argon, namely a one electron quasi-reversible reduction wave 

followed by a one electron irreversible reduction wave at more negative potential. At 

slower scan rates it was also possible to see a small wave in the CV of complex [2] 

between the first and second reductions, corresponding to the production of the [fac-

Re(bipyridyl)(CO)3]2 dimer that has been reported previously.
17

  

When acetonitrile solutions were saturated with CO2, vast differences were 

observed in the second reduction wave from complex to complex. In order of 

increasing e
–
 donating ability, complex [1] showed little to no current enhancement 

under CO2 at the second reduction wave. Complex [2] showed a 3.4-fold current 

increase in peak current at 100 mV/s between the complex under argon and the 

complex under CO2 at –2.13 V (vs. Fc/Fc
+
). Complex [3] showed a current 

enhancement under CO2 that was slightly larger than [2]. Complex [4] showed the 

largest catalytic current with an 18-fold increase in peak current at a scan rate of 100 

Table 2-1. Measured reduction potentials and ν(CO) stretches for complexes [1]–[5] in this chapter. 

First reduction potential is the E1/2 and the second reduction potential is measured at the peak 

maximum for the irreversible reduction. All ν(CO) stretches were recorded in acetonitrile. 
 

Complex 
1

st
 reduction (V vs. 

Fc/Fc
+
) 

2
nd

 reduction (V 

vs. Fc/Fc
+
) 

ν(CO) stretches 

(cm
–1

) 

Re(bipy-COOH)(CO)3Cl  [1] –1.34 –2.13 2037, 1935, 1911 

Re(bipy)(CO)3Cl  [2] –1.74 –2.13 2025, 1918, 1902 

Re(dmb)(CO)3Cl  [3] –1.83 –2.17 2025, 1918, 1902 

Re(bipy-tBu)(CO)3Cl  [4] –1.85 –2.23 2023, 1916, 1898 

Re(bipy-OMe)(CO)3Cl  [5] –1.89 –2.26 2022, 1914, 1896 
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mV/s under CO2 at –2.23 V (vs. Fc/Fc
+
) (Figure 2-2). Complex [5] showed almost no 

current enhancement under CO2. Complexes [4] and [2] were compared directly at 

equal concentrations of Re and CO2. Complex [4] performed significantly better, 

showing more than 3.5 times more catalytic current at 100 mV/s than [2] at 100 mV 

more negative potential (Figure 2-3).  

At the outset, these data make it clear that catalytic activity for CO2 reduction 

depends on factors other than the electrocatalyst reduction potentials. We note, for 

example, that although complex [5] has the most negative reduction potential and 

should have a more nucleophilic Re center for CO2 reduction, it shows essentially no 

catalytic current, pointing to a possible -donor vs. -donor effect. Experiments are 

 

Figure 2-2. CVs of Complex [4] under argon (red) and CO2 (black) showing significant current 

increase representing catalysis. The blue scan is a solution under the same CO2 conditions, but 

without catalyst present. 1 mM catalyst, 0.1 M TBAH supporting electrolyte, 3 mM diameter glassy 

carbon working electrode, Pt counter electrode, Ag wire pseudo-reference with ferrocene added as 

an internal reference, acetonitrile as solvent under an atmosphere of CO2 (~0.25 M in solution). 
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ongoing in our laboratory to further examine this phenomenon by designing and 

testing new bipyridine ligands with a variety of substituents in the 4,4’ positions.  

 Although the catalytic activity of [4] is 3.5-fold greater than [2] at the same 

catalyst concentration and only 100 mV more negative reduction potential, it was also 

noted that [4] shows a 1.4 fold increase in catalytic current over [2] at identical 

potentials (–2.13 V vs. Fc/Fc
+
 at [2]’s maximum catalytic current). 

Rotating disc electrode (RDE) experiments were carried out on complex [4] in 

order to determine the diffusion coefficients of the complex. The data obtained from 

these experiments display Levich-Koutecky behavior with linear fits having R
2
 values 

of greater than 0.99 for both the first and second reductions, indicating that the 

complex behaves well under the conditions of the experiment (Figure 2-4). The 

 

Figure 2-3. CVs of complex [4] (black) and complex [2] (orange) under the same conditions. 1 mM 

catalyst, 0.1 M TBAH supporting electrolyte, 3 mM diameter glassy carbon working electrode, Pt 

wire counter electrode, Ag wire pseudo-reference with ferrocene added as an internal reference, 

acetonitrile as solvent under an atmosphere of CO2 (~0.25 M in solution). 
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Levich-Koutecky equation was used to obtain diffusion coefficients from that data 

(E2-1).
18

  

iL = (0.620)nFAD
2/3
ω

1/2
υ
–1/6

C  E2-1 

In the above equation, iL is the Levich current from the rotating disc experiment, n is 

the number of electrons (1 in this case), F is Faraday’s constant, A is the electrode 

area, D is the diffusion coefficient, ω is the rotation rate, υ is the kinematic viscosity of 

the solution, and C is the concentration of the analyte in solution. These data yielded 

diffusion coefficients of 1.1x10
–5

 cm
2
/s for Re(bipy-tBu)(CO)3Cl and 8.1x10

–6
 cm

2
/s 

for the singly reduced species. These values are reasonable when compared to 

diffusion coefficients for other complexes in the literature.
19

 From the diffusion 

coefficient of the complex, along with additional data from the experiment it was 

possible to calculate the second order rate constant for the CO2 reduction using 

equation E2-2.
10, 20

  

ic = nFA[cat](Dk[Q]
y
)
1/2

 E2-2 

 
 

Figure 2-4. Rotating disk electrode data for Re(bipy-tBu)(CO)3Cl [4] in acetonitrile with mM Re, 

0.1 M TBAH, glassy carbon working electrode, platinum wire counter electrode, and silver wire 

pseudo-reference with ferrocene added as an internal reference. Levich-Koutecky plot on the right 

shows linear fit for both first (R
2
 = 0.999) and second (R

2
 = 0.997) reductions. 
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In the equation above, ic is the catalytic current observed in the CV, n is the number of 

electrons (2 for this reaction reflecting the reduction of CO2 to CO), F is Faraday’s 

constant, A is the area of the electrode surface, D is the diffusion coefficient of the 

active catalytic species, k is the rate constant (the variable of interest in this case), Q is 

the concentration of substrate, and y is the order of the substrate in the reaction in 

question. Equation 2-2 can be applied when either a plateau current is established for 

catalysis or when catalytic current is scan rate independent. In this case the equation 

was applied based on the second condition of scan rate independence. A second order 

rate constant of 650 M
–1

s
–1

 is obtained using this equation, and a similar value of 1000 

M
–1

s
–1

 was obtained using the electrochemical simulation software DigiSim. The 

DigiSim fit and the assumed mechanism for the voltammograms can be found in 

Figure 2-5. When equations E2-1 and E2-2 were applied to rotating disk data and CVs 

of [2], a second order rate constant of 50 M
–1

s
–1

 was obtained. 

 

Controlled potential electrolysis (CPE). Additional catalytic experiments have been 

done involving complex [4] in order to draw comparisons with complex [2]. 

Controlled potential electrolysis of both complexes were performed in an acetonitrile 

solution in a sealed cell developed in our laboratory with a carbon working electrode, 

platinum counter electrode, and Ag/AgCl pseudo reference (with internal ferrocene 

reference added). In the acetonitrile solution, [4] performed significantly better than 

[2] producing 2.2 times the CO in the first 15 minutes of CPE as measured by gas 

chromatography when held at –2.25 V (vs. Fc/Fc
+
). It is also noteworthy that [4] 
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retained high electrocatalytic activity for upwards of five hours in acetonitrile, again 

outperforming [2], which loses some catalytic activity in acetonitrile over the same 

time period.  

Further CPE experiments were carried out to determine the Faradaic efficiency 

of [4] in acetonitrile. A solution of [4] in acetonitrile was held at a constant potential 

of –2.40 V (vs. Fc/Fc
+
) for two hours and GC samples were taken every 30 minutes. 

The output from the GC was plotted and gave a linear plot for mmol of electrons 

 
 

A + e = B first reduction of the complex 

B + e = C second reduction of the complex 

C + D = A + F reaction of the reduced complex with CO2 

A + C = B + B disproportionation reaction of the complex 

B = G small degradation of the singly reduced species 

C = H small degradation of the doubly reduced species 

I + e = J reduction of acetonitrile beyond experimental window 

 

Figure 2-5. Digital simulation of catalytic CV for Re(bipy-tBu)(CO)3Cl [4] under CO2 at 100 mV/s 

with 1 mM catalyst, 0.1 M TBAH, a glassy carbon working electrode, a platinum wire counter 

electrode, a silver wire pseudo-reference with ferrocene added as an internal reference, and ~0.25 M 

CO2 in solution. The assumed mechanism for the digital simulation is also displayed below. 
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passed vs. mmol CO produced with a slope of 2.009. The data correspond to a 

Faradaic efficiency of 99 ± 5 % in acetonitrile (Figure 2-6). 

 

Infrared spectroelectrochemistry (IR-SEC). IR-SEC was performed on [2] and [4] 

to compare the two species at various stages of reduction. Both complexes showed 

three carbonyl peaks at rest potential as expected from previous data on similar 

complexes.
21

 The ν(CO) peaks for complex [4] appear at 2023 cm
–1

, 1916 cm
–1

, and 

1898 cm
–1
. These ν(CO) bands are typical of facial tricarbonyl systems with pseudo 

C3V symmetry: one higher energy stretch (A1) is separated from the two lower energy 

stretches (split E) , which overlap slightly.  

 When a voltage is applied to the solutions at the potential of the first reduction, 

for both [4] and [2], each carbonyl peak in the spectrum shifts approximately 20 cm
–1

 

to lower energy to create new species [4a] and [2a] (for [4a], ν(CO) at 2005 cm
–1

, 

 
Figure 2-6. Faradaic efficiency study for complex [4] in dry acetonitrile with CO2. The slope of 

2.009 corresponds to 99±2 % Faradaic efficiency for the conversion of CO2 to CO. 
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1894 cm
–1

, and 1878 cm
–1

) (Figure 2-7). This shift is indicative of a primarily 

bipyridine-based reduction of the complex as was concluded in previous studies.
17, 21

  

When all unreduced complex was singly reduced, another species was 

produced from [4a] at potentials positive of that for the second reduction wave. This 

intermediate species shows ν(CO) modes that were again shifted 20-30 cm
–1

 lower in 

energy (ν(CO): 1983 cm
–1

, 1865 cm
–1

, and 1850 cm
–1

 [4b]) (Figure 2-8). The new 

species has been assigned as the neutral five coordinate bipy
0
Re

0
 complex with no 

bound Cl
–
. Evidence for this species exists in a crystal structure of [Re(trip-

bipy)(CO)3] (trip-bipy = 6,6’-(2,4,6-triisopropylphenyl)-2,2’-bipyridine) that has a 

corollary infrared spectrum to be published in a future manuscript and in the 

dissertation of Eric E. Benson.
22 

 

Figure 2-7. First reduction of [4] in IR-SEC experiment in acetonitrile. 20–30 cm
–1

 shifts indicative 

of a mostly bipyridine-based reduction of the complex. Initial reduction of [4] leads to a 19 electron, 

six-coordinate, negatively charged complex. 
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 At this potential Re(bipy)(CO)3Cl
•–

 [2a] formed a significant amount of Re-Re 

dimer
21

 upon loss of Cl
–
 while [4a] does not form measurable quantities of dimer in 

these experiments. Fujita et al. reported that with Re(dmb)(CO)3(OTf) (OTf = 

trifluoromethanesulfonate) the formation of dimer happens very slowly in UV-Vis 

experiments at lower concentrations.
12

 When performing IR-SEC on [3] we noted a 

small amount of dimer formation, most likely due to the intermediate bulk of the 

methyl group when compared to the bulk in [2] and [4]. We also independently 

synthesized the dimer [Re(bipy-tBu)(CO)3]2 [6] via reflux of Re2(CO)10 with two 

equivalents of 4,4’-di-tert-butyl-2,2’-bipyridine and obtained a liquid FTIR of the 

product in xylenes. This IR spectrum had a very similar ν(CO) signature to the 

reported [Re(bipy)(CO)3]2 IR by Turner et al.
21

 This spectrum, however, does not 

match any of the major species observed in the IR-SEC of [4], which provides 

 

Figure 2-8. Second transition from [4a] to [4b] in the IR-SEC experiment in acetonitrile. This 20 

cm
–1

 shift is due to a ligand to metal charge transfer and subsequent loss of Cl
–
. This electron 

transfer is facilitated by the electron donating nature of the tert-butyl groups on the bipyridine 

ligand that destabilizes the bipy radical. 
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additional evidence that a significant amount of dimer is not formed in the SEC or 

bulk electrolysis studies.  

 We assign the next species, formed at potentials equal to (and negative of) the 

second reduction, in the IR-SEC of complex [4] as the two electron reduced Re(bipy-

tBu)(CO)3
–1

 with two ν(CO) modes at 1938 cm
–1

 and 1834 cm
–1

 (broad) [4c] (Figure 

2-9). The loss of one low energy stretch is expected due to rearrangement of the 

ligands around the Re center upon loss of Cl
–
 and the second reduction to a trigonal 

bipyrimidal geometry (see below) that is expected to have only two IR active 

vibrations. The larger ν(CO) shift for the higher energy stretch is indicative of a mostly 

metal-based reduction of the complex as is expected for the second reduction. The 

“family photo” of the four species observed in the IR-SEC experiments of [4] is 

displayed in Figure 2-10 and all relevant IR stretching frequencies are reported in 

 

Figure 2-9. Second reduction of [4] in the IR-SEC experiment. 40 cm
–1

 shift for the second 

reduction is indicative of a mostly metal-based reduction of the complex forming the five-

coordinate Re
–1

 complex [4c]. 
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Table 2-2.  

It is worthwhile here to note the difference between the IR-SEC reported here 

for [4] and that observed by Turner et al. for [2]. The main difference between 

Turner’s study and ours is the assignment of the third species formed ([4b] in our 

study). We see no indication that [4b] is a result of a second reduction. Instead we 

invoke a ligand to metal charge transfer from the bipy to the Re center to explain the 

further shift in the ν(CO) in the singly reduced complex. This electron transfer is 

promoted by the donating nature of the tert-butyl groups on the bipy, which 

destabilize the bipy radical and allow electron occupancy of the dz
2
 orbital after loss of 

Cl
–
.  

IR-SEC of [4] was also performed in CO2-saturated CH3CN demonstrating the 

production of CO at catalytic potentials. This CO production could be seen via the 

 

Figure 2-10. IR-SEC “family photo” for complex [4] in acetonitrile with TBAH supporting 

electrolyte. [4a] is formed by the first reduction of the complex to form a radical anion with added 

electron density mostly centered on the bipyridine ligand. [4b] follows through a ligand to metal 

charge transfer facilitated by the electron donating nature of the tert-butyl groups on the bipyridine. 

[4c] represents the second reduction of the complex to the five-coordinate anion that then goes on 

the reduce CO2 to CO. 
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stretch at 2120 cm
–1

 indicative of dissolved CO in the acetonitrile solution (Figure 2-

11). 

Table 2-2. IR-SEC relevant stretching frequencies for various Re complexes studied in this work
a
 

as well as in work by Turner et al.
21

 

Complex υ(CO)/cm
-1

 Solvent Ref. 

[Re(bipy-tBu)(CO)3Cl] (4) 2023, 1916, 1898 MeCN a 

[Re(bipy-tBu)(CO)3Cl]
 •-

 (4a) 2005, 1895, 1878 MeCN a 

[Re(bipy-tBu)(CO)3]
 •
 (4b) 1983, 1865, 1850 MeCN a 

[Re(bipy-tBu)(CO)3]
-1

 (4c) 1938, 1834 (br) MeCN a 

[Re(bipy)(CO)3Cl] (2) 2025, 1918, 1902 MeCN a 

[Re(bipy)(CO)3Cl]
 •-

 (2a) 1998, 1885, 1867 MeCN 21 

[Re(bipy)(CO)3]
 -1

 (2c) 1947, 1843 (br) MeCN 21 

[Re(bipy-COOH)(CO)3Cl] (1) 2037, 1935, 1911 MeCN a 

[Re(dmb)(CO)3Cl] (3) 2023, 1916, 1899 MeCN a 

[Re(bipy-OMe)(CO)3Cl] (5) 2022, 1914, 1896 MeCN a 

[Re(bipy-tBu)(CO)3Cl] (4) 2020, 1916, 1893 THF a 

[Re(bipy-tBu)(CO)3Cl]
 •-

 (4a) 1995, 1882, 1867 THF a 

[Re(bipy-tBu)(CO)3]
-1

 (4c) 1943, 1839 THF a 
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2.3 Conclusions 

We have reported here an improved catalyst for the reduction of CO2 to CO 

with high turnover number and frequency. This catalyst was identified in a systematic 

study of a series of Re(bipyridyl)(CO)3Cl complexes with varying degrees of electron 

donating/withdrawing substituents in the 4, 4’ positions of the bipyridine. We have 

seen by IR-SEC studies that the Re(bipy-tBu)(CO)3Cl complex forms a stable Re(0) 

radical, and significantly less dimer during electrolysis than does its Re(bipy)(CO)3Cl 

counterpart. This may also help explain the enhanced catalytic activity of [4]. Studies 

are ongoing in our laboratory to investigate the bulk electrocatalytic properties of the 

Re(bipy-tBu)(CO)3Cl complex in acetonitrile/water mixtures and also to study and 

compare its mechanism of catalysis with other complexes that appear to follow a 

similar mechanism. 

 

Figure 2-11. Band for free CO growing in at second reduction potential for [4] in IR-SEC 

experiment with CO2-saturated acetonitrile. 
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2.4 Experimental 

General Experimental Procedures. NMR spectra were recorded on a Jeol 500 MHz 

spectrometer at 298 K and data was manipulated using Jeol Delta software. 
1
H 

chemical shifts are reported relative to solvent residual peaks. Mass spectrometry data 

was collected on a Finnigan LCQDECA in ESI positive ion mode. Infrared spectra 

were collected on a Bruker Equinox 55 spectrometer. Microanalyses were performed 

by Midwest Microlab, LLC, Indianapolis, IN for C, H, and N content and all analyses 

were performed in duplicate.     

 

Syntheses. Manipulations were performed open to air and solvents were not dried 

before use. Reagents were used as received. Chemicals were received from the 

following: Re(CO)5Cl (Strem), 2,2’-bipyridine (Aldrich), 4,4’-di-tert-butyl-2,2’-

bipyridine (Aldrich), 4,4’-dicarboxy-2,2’-bipyridine (Strem), 4,4’-dimethoxy-2,2’-

bipyridine (Aldrich), 4,4’-dimethyl-2,2’-bipyridine (Acros), and Re2(CO)10 (Acros). 

 

[Re(4,4’-dicarboxyl-2,2’-bipyridine)(CO)3Cl] [1]. This complex was prepared with 

slight modifications to literature methods.
11

 Re(CO)5Cl (0.200 g, 0.55 mmol) was 

dissolved in 50 mL of hot toluene and 20 ml methanol. An equimolar amount of 4,4’-

dicarboxy-2,2’-bipyridine (0.130 g, 0.55 mmol) was added to the solution and the 

reaction mixture was stirred under reflux for one hour with initial color change from 

clear to orange occurring in the first 15 minutes. The reaction mixture was removed 

from heat after the one hour reflux and the unreacted starting material was precipitated 
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from solution in the freezer over a one hour period. After that time, the white starting 

material was filtered and the bright orange filtrate was rotary evaporated to dryness. 

1
H NMR (acetonitrile-d3): δ 6.80 (d, 2H, 5 and 5’ H’s), δ 7.68 (s, 2H, 3 and 3’ H’s), δ 

7.84 (d, 2H, 6 and 6’ H’s). IR (CH3CN) ν(CO): 2037 cm
–1

, 1935 cm
–1

, 1911 cm
–1

. 

 

[Re(2,2’-bipyridine)(CO)3Cl] [2]. This complex was prepared with slight 

modifications to literature methods.
23

 Re(CO)5Cl (0.3020 g, 0.83 mmol) was dissolved 

in 50 mL hot toluene. An equimolar amount of 2,2’-bipyridine (0.130 g, 0.83 mmol) 

was then added to the hot solution and the reaction mixture was stirred with reflux for 

one hour. Within the first five minutes of applying heat the solution began to turn 

yellow and the intensity of the color increased with time during reflux. After one hour 

of reflux the mixture was removed from heat and put in a freezer for one hour where 

all product precipitated from solution. After removing from the freezer, the bright 

yellow powder product was filtered from the slurry. The product was then put in the 

vacuum oven at 90 °C overnight to eliminate any residual solvent and water. 

Spectroscopically pure product was isolated from this reaction for an overall yield of 

84%. 
1
H NMR (acetonitrile-d3): δ 7.44 (t, 2H, 5 and 5’ H’s), δ 8.00 (t, 2H, 4 and 4’ 

H’s), δ 8.23 (d, 2H, 6 and 6’ H’s), δ 8.82 (d, 2H, 3 and 3’ H’s). IR (CH3CN) ν(CO): 

2025 cm
–1

, 1918 cm
–1

, 1902 cm
–1

. ESI-MS (m/z): 444.65 (100, [M-Cl
–
+H2O]

+
), 

484.90 (29, [M+Na
+
]

+
). 
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[Re(4,4’-dimethyl-2,2’-bipyridine)(CO)3Cl] [3]. Re(CO)5Cl (0.984 g, 2.72 mmol) 

was dissolved in 150 mL hot toluene in a 250 ml round bottom flask. An equimolar 

amount of 2,2’-dimethyl-2,2’-bipyridine (0.501 g, 2.72 mmol) was added and the 

reaction was refluxed for 90 minutes. The solution turned yellow after 15 minutes of 

reflux, orange after that, and product precipitated after only 30 minutes of reflux. After 

removing from heat, the reaction mixture was placed in a freezer overnight to force all 

products from solution. The product was filtered and dried in a vacuum oven at 90 °C. 

Spectroscopically pure product was obtained from the reaction for a total yield of 

94%. 
1
H NMR (acetonitrile-d3): δ 2.33 (s, 6H, CH3), δ 7.22 (d, 2H, 5 and 5’ H’s), δ 

8.05 (s, 2H, 6 and 6’ H’s), δ 8.60 (d, 2H, 3 and 3’ H’s). IR (CH3CN) ν(CO): 2025 cm
–

1
, 1918 cm

–1
, 1902 cm

–1
. ESI-MS (m/z): 472.62 (100, [M-Cl

–
+H2O]

+
), 507.77 (60, 

[M+NH4
+
]

+
), 455.10 (21, [M-Cl

–
]
+
. Anal. Calcd for 2, C15H12ClN2O3Re: C, 36.77; H, 

 
Figure 2-12. ORTEP drawing of Re(dmb)(CO)3Cl [3]. Structure refined to R value of 3.4% in the 

monoclinic space group P21/n. Hydrogens and solvent (chloroform) have been omitted for clarity. 
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2.47; N, 5.72. Found: C, 36.72; H, 2.41; N, 5.75. X-ray quality crystals were grown 

from the vapor diffusion of pentane into a chloroform solution of 3 (Figure 2-12, 

Tables 2-3 and 2-4). 

 

[Re(4,4’-di-tert-butyl-2,2’-bipyridine)(CO)3Cl] [4]. Re(CO)5Cl (0.1075 g, 0.30 

mmol) was dissolved in 50 mL of hot toluene. An equimolar amount of 4,4’-di-tert-

butyl-2,2’-bipyridine (0.0800 g, 0.30 mmol) was added to the hot solution and the 

reaction mixture was stirred with reflux for one hour. Once the solution reached reflux 

the mixture began to change color from clear, to yellow, and finally to orange. After 

one hour of reflux the reaction mixture was removed from heat and cooled in a 

freezer. Solid did not precipitate from cold toluene in this reaction so the solvent was 

removed in vacuo leaving a gold solid. This solid was then dissolved in acetone and an 

equal amount of heptane was added. The acetone was removed by vacuum, leaving 

only heptane. The product immediately precipitated from heptane and was isolated by 

filtration. The yellow solid was dried overnight in a vacuum oven at 90 °C. 

Spectroscopically pure product was obtained from the reaction with an overall yield of 

95%. 
1
H NMR (acetonitrile-d3): δ 1.45 (s, 18H, tBu), δ 7.64 (dd, 2H, 5 and 5’ H’s), δ 

8.41 (d, 2H, 6 and 6’ H’s), δ 8.88 (d, 2H, 3 and 3’ H’s). IR (CH3CN) ν(CO): 2023 cm
–

1
, 1916 cm

–1
, 1898 cm

–1
. ESI-MS (m/z): 556.69 (100, [M-Cl

–
+H2O]

+
), 596.96 (54, 

[M+Na
+
]

+
). Anal. Calcd for 2, C21H24ClN2O3Re: C, 43.93; H, 4.21; N, 4.88. Found: C, 

43.91; H, 4.21; N, 4.89. 
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[Re(4,4’-dimethoxy-2,2’-bipyridine)(CO)3Cl] [5]. This complex was prepared by 

with slight modifications to literature methods.
23

 Re(CO)5Cl (0.101 g, 0.28 mmol) was 

dissolved in 50 mL of hot toluene. An equimolar amount of 4,4’-dimethoxy-2,2’-

bipyridine (0.060 g, 0.28 mmol) was added and a reflux condenser was attached. After 

five minutes of stirring with heat the reaction mixture started to turn yellow. Reflux 

was continued for two hours and the reaction mixture was allowed to cool. The 

solution was put in a freezer for one hour to precipitate the product. The yellow solid 

was filtered and washed with pentane before being dried overnight at 90 °C under 

vacuum. The spectroscopically pure product was weighed (0.126g) and a yield of 85% 

was obtained for the reaction. 
1
H NMR (acetonitrile-d3): δ 4.01 (s, 6H, CH3), δ 7.10 

(dd, 2H, 5 and 5’ H’s), δ 7.86 (d, 2H, 3 and 3’ H’s), δ 8.74 (d, 2H, 6 and 6’ H’s). IR 

(CH3CN) ν(CO): 2022 cm
–1

, 1914 cm
–1

, 1896 cm
–1

. ESI-MS (m/z): 504.48 (100, [M-

Cl
–
+H2O]

+
), 544.84 (18, [M+Na

+
]

+
). X-ray quality crystals were grown from the vapor 

diffusion of diethyl ether into an acetonitrile solution of 5 (Figure 2-13, Tables 2-5 and 

2-6). 

 

[fac-Re(4,4’-di-tert-butyl-2,2’-bipyridine)(CO)3]2 [6]. Re2(CO)10 (0.081 g, 0.124 

mmol) was dissolved in 100 mL of hot xylenes with stirring. To the hot solution, 2 

equivalents of 4,4’-di-tert-butyl-2,2’-bipyridine (0.066 g, 0.248 mmol) was added and 

the solution was refluxed for 72 hours. Over the course of the reflux the solution 

turned from clear to dark purple. After 72 hours, the reaction mixture was removed 

from heat and an aliquot was taken for FTIR analysis. Solid product was obtained 
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from the reaction mixture by recrystallization with copious amounts of diethyl ether. 

IR (xylenes) ν(CO): 1990 cm
–1

, 1952 cm
–1

, 1890 cm
–1

, 1862 cm
–1

.  

 

Electrochemistry. Electrochemical experiments were performed using either a BAS 

CV-50 or BAS Epsilon potentiostat. A one compartment cell was used for all cyclic 

voltammetry experiments with a glassy carbon electrode (3 mm in diameter from 

BASi), a Pt wire counter electrode, and a Ag/AgCl reference with added Fc/Fc
+
 as an 

internal reference. All electrochemical experiments were performed with 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAH) as supporting electrolyte and all 

solutions were purged with argon or CO2 before CVs were taken. Re complex 

concentrations ranged from 0.5–1.5 mM and experiments with CO2 were performed at 

gas saturation (~ 0.25 M) in acetonitrile.
24, 25

  

 
 

Figure 2-13. ORTEP drawing of Re(bipy-OMe)(CO)3Cl [5]. Structure refined to an R-value of 

3.0% in the monoclinic space group C2/c. Hydrogens omitted for clarity and disordered acetonitrile 

molecules squeezed from structure using Platon. 
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 A Teflon-shrouded glassy carbon rotating disc electrode was employed to 

determine the diffusion coefficient of Re(bipy-tBu)(CO)3Cl [4], along with a Pt 

counter electrode and Ag/AgCl reference. A Pine Instruments, Inc., Model ASR2 

electrode rotator was employed for all rotating disc experiments. In these experiments, 

a 70–75 ml, 5 mM solution of the rhenium complex with 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAH) was used in a 100 ml round bottom flask. CVs were 

taken from 0–2000 rpm rotation rates at potentials from 0 to –2.90 V (vs. Fc/Fc
+
) at 

100 mV/s. In these scans, both reductions of the rhenium complex were seen. The 

absolute current heights for each reduction were tabulated for every scan rate in order 

to construct a Levich-Koutecky plot for the data. Data from both reduction peaks fit a 

linear plot of inverse current vs. the negative square root of the rotation rate. A good 

linear fit for the data in this plot represents usable data for the calculation of diffusion 

coefficient. Data points from the line were then inserted in the Levich-Koutecky 

equation in order to calculate the diffusion coefficient for each species in the reduction 

pathway.  

 

Bulk electrolysis. Bulk electrolysis experiments were carried out in a single 

compartment cell with a carbon disc working electrode, a platinum cage counter 

electrode, and an Ag/AgCl reference electrode on the BAS Epsilon potentiostat. The 

bulk reductions were carried out in a 0.1 M TBAH/CH3CN solution. The bulk 

electrolysis solution was purged with CO2 for 20 minutes prior to electrolysis. Gas 

analysis for bulk electrolysis experiments were performed using 1 mL sample 



50 
 

 

injection volume on a Hewlett Packard 7890A Series gas chromatograph with a 

molsieve column (30m x 0.53 mm ID x 25 μm film). 

 

Cyclic voltammetry simulation. Cyclic voltammograms were simulated using 

Digisim software.
26

 All simulations were done on cyclic voltammograms for the first 

reduction only, and then extended to the second reduction on full voltammograms. 

Catalyst and substrate concentrations were held constant in the simulations based on 

experimental details and the diffusion coefficients of Re(bipyridyl) complexes were 

determined as described above using rotating disc electrode experiments.     

 

Infrared Spectroelectrochemistry (FTIR-SEC). The design of the IR 

spectroelectrochemical cell used for the rhenium catalyst studies has been reported 

previously by our laboratory
 27

 and is based on a cell used by Mann and co-workers.
28-

32
 IR spectral changes accompanying thin-layer bulk electrolyses were measured using 

a flow-through spectroelectrochemical cell. All spectroelectrochemical experiments 

were carried out in a 0.1 M TBAH solution using acetonitrile and all solutions were 

prepared under an atmosphere of dry nitrogen in a dry box. Blank acetonitrile 

solutions with 0.1 M TBAH were used for the FTIR solvent subtractions. A Pine 

Instrument Company Model AFCBP1 bipotentiostat was used to affect and monitor 

thin layer bulk electrolysis. The IR spectra were acquired using the Bruker Equinox 55 

spectrometer mentioned above. For the CO2(g) experiments, CO2 was bubbled through 

the catalyst solution for 10 minutes prior to injection into the SEC cell. 
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Note: Much of the material for this chapter comes directly from a manuscript entitled 

“Re(bipy-tBu)(CO)3Cl – improved catalytic activity for reduction of carbon dioxide. 

IR-Spectroelectrochemical and mechanistic studies.” by Jonathan M. Smieja and 

Clifford P. Kubiak, which has been published in Inorganic Chemistry, 2010, 49 (20), 

9283-9289. http://dx.doi.org/10.1021/ic1008363. The dissertation author is the 

primary author of this manuscript.  

  

http://dx.doi.org/10.1021/ic1008363
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2.6 Appendix 

Table 2-3. Crystal data and structure refinement for Re(dmb)(CO)3Cl [3]. 

___________________________________________________________________________________ 

Identification code  js_375_0m 

Empirical formula  C15 H12 Cl N2 O5 Re 

Formula weight  521.92 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 19.05(2) Å = 90°. 

 b = 17.878(20) Å = 119.765(13)°. 

 c = 12.197(13) Å  = 90°. 

Volume 3606(7) Å
3
 

Z 8 

Density (calculated) 1.923 Mg/m
3
 

Absorption coefficient 6.913 mm
-1 

F(000) 1984 

Crystal size 0.10 x 0.10 x 0.10 mm
3
 

Theta range for data collection 1.68 to 25.34°. 

Index ranges -22<=h<=22, -21<=k<=21, -12<=l<=14 

Reflections collected 16286 

Independent reflections 3276 [R(int) = 0.0757] 

Completeness to theta = 25.34° 99.3 %  

Max. and min. transmission 0.5448 and 0.5448 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 3276 / 0 / 220 

Goodness-of-fit on F
2
 1.062 

Final R indices [I>2sigma(I)] R1 = 0.0472, wR2 = 0.1339 

R indices (all data) R1 = 0.0593, wR2 = 0.1424 

Extinction coefficient 0.00052(9) 

Largest diff. peak and hole 5.572 and -0.714 e. Å
-3
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Table 2-4. Bond lengths [Å] and angles [°] Re(dmb)(CO)3Cl [3]. 

___________________________________________________________________________________ 

 

C(1)-N(1)   1.328(12) 

C(1)-C(2)   1.376(14) 

C(1)-H(3)   0.9500 

C(2)-C(3)   1.394(15) 

C(2)-H(4)   0.9500 

C(3)-O(1)   1.351(12) 

C(3)-C(4)   1.403(14) 

C(4)-C(5)   1.370(14) 

C(4)-H(6)   0.9500 

C(5)-N(1)   1.366(13) 

C(5)-C(10)   1.481(13) 

C(6)-N(2)   1.363(13) 

C(6)-C(7)   1.383(16) 

C(6)-H(12)   0.9500 

C(7)-C(8)   1.368(16) 

C(7)-H(11)   0.9500 

C(8)-O(2)   1.336(13) 

C(8)-C(9)   1.421(14) 

C(9)-C(10)   1.378(14) 

C(9)-H(9)   0.9500 

C(10)-N(2)   1.367(12) 

C(11)-O(1)   1.422(13) 

C(11)-H(14A)   0.9800 

C(11)-H(14B)   0.9800 

C(11)-H(14C)   0.9800 

C(12)-O(2)   1.426(13) 

C(12)-H(13A)   0.9800 

C(12)-H(13B)   0.9800 

C(12)-H(13C)   0.9800 

C(13)-O(3)   1.166(13) 

C(13)-Re(1)   1.891(12) 

C(14)-O(4)   1.151(13) 

C(14)-Re(1)   1.907(10) 

C(15)-O(5)   1.170(13) 

C(15)-Re(1)   1.899(11) 

N(1)-Re(1)   2.178(8) 

N(2)-Re(1)   2.172(8) 

Cl(1)-Re(1)   2.494(3) 

 

N(1)-C(1)-C(2)  125.1(9) 

N(1)-C(1)-H(3)  117.5 

C(2)-C(1)-H(3)  117.5 

C(1)-C(2)-C(3)  117.3(9) 

C(1)-C(2)-H(4)  121.4 

C(3)-C(2)-H(4)  121.4 

O(1)-C(3)-C(2)  125.2(9) 

O(1)-C(3)-C(4)  115.8(9) 

C(2)-C(3)-C(4)  119.1(9) 

C(5)-C(4)-C(3)  119.0(9) 

C(5)-C(4)-H(6)  120.5 

C(3)-C(4)-H(6)  120.5 

N(1)-C(5)-C(4)  122.5(9) 
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N(1)-C(5)-C(10)  114.8(8) 

C(4)-C(5)-C(10)  122.7(9) 

N(2)-C(6)-C(7)  121.9(10) 

N(2)-C(6)-H(12)  119.1 

C(7)-C(6)-H(12)  119.1 

C(8)-C(7)-C(6)  120.2(10) 

C(8)-C(7)-H(11)  119.9 

C(6)-C(7)-H(11)  119.9 

O(2)-C(8)-C(7)  125.4(10) 

O(2)-C(8)-C(9)  116.2(10) 

C(7)-C(8)-C(9)  118.5(10) 

C(10)-C(9)-C(8)  119.2(10) 

C(10)-C(9)-H(9)  120.4 

C(8)-C(9)-H(9)  120.4 

N(2)-C(10)-C(9)  121.7(9) 

N(2)-C(10)-C(5)  115.3(8) 

C(9)-C(10)-C(5)  123.0(9) 

O(1)-C(11)-H(14A) 109.5 

O(1)-C(11)-H(14B) 109.5 

H(14A)-C(11)-H(14B) 109.5 

O(1)-C(11)-H(14C) 109.5 

H(14A)-C(11)-H(14C) 109.5 

H(14B)-C(11)-H(14C) 109.5 

O(2)-C(12)-H(13A) 109.5 

O(2)-C(12)-H(13B) 109.5 

H(13A)-C(12)-H(13B) 109.5 

O(2)-C(12)-H(13C) 109.5 

H(13A)-C(12)-H(13C) 109.5 

H(13B)-C(12)-H(13C) 109.5 

O(3)-C(13)-Re(1)  176.6(10) 

O(4)-C(14)-Re(1)  177.9(9) 

O(5)-C(15)-Re(1)  177.5(9) 

C(1)-N(1)-C(5)  117.1(8) 

C(1)-N(1)-Re(1)  125.6(6) 

C(5)-N(1)-Re(1)  117.3(6) 

C(6)-N(2)-C(10)  118.5(9) 

C(6)-N(2)-Re(1)  124.3(7) 

C(10)-N(2)-Re(1)  117.1(6) 

C(3)-O(1)-C(11)  118.1(9) 

C(8)-O(2)-C(12)  118.0(10) 

C(13)-Re(1)-C(15) 87.7(4) 

C(13)-Re(1)-C(14) 91.5(5) 

C(15)-Re(1)-C(14) 87.5(5) 

C(13)-Re(1)-N(2)  93.9(4) 

C(15)-Re(1)-N(2)  99.3(4) 

C(14)-Re(1)-N(2)  171.5(4) 

C(13)-Re(1)-N(1)  94.9(4) 

C(15)-Re(1)-N(1)  173.6(4) 

C(14)-Re(1)-N(1)  98.3(4) 

N(2)-Re(1)-N(1)  74.7(3) 

C(13)-Re(1)-Cl(1) 177.2(3) 

C(15)-Re(1)-Cl(1) 93.2(3) 

C(14)-Re(1)-Cl(1) 91.2(3) 

N(2)-Re(1)-Cl(1)  83.3(2) 

Table 2-4 (Cont.) 
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N(1)-Re(1)-Cl(1)  83.9(2) 

___________________________________________________________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 2-4 (Cont.) 
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Table 2-5. Crystal data and structure refinement for Re(bipy-OMe)(CO)3Cl [5]. 

___________________________________________________________________________________ 

Identification code  jms475 

Empirical formula  C16 H13 Cl4 N2 O3 Re 

Formula weight  609.31 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 6.4460(15) Å  = 90° 

 b = 14.022(3) Å = 93.886(3)° 

 c = 21.399(5) Å  = 90° 

Volume 1929.7(8) Å
3
 

Z 4 

Density (calculated) 2.097 Mg/m
3
 

Absorption coefficient 6.870 mm
-1

 

F(000) 1160 

Crystal size 0.10 x 0.10 x 0.05 mm
3
 

Theta range for data collection 1.74 to 28.66°. 

Index ranges -8<=h<=7, -13<=k<=18, -28<=l<=21 

Reflections collected 22911 

Independent reflections 4648 [R(int) = 0.0472] 

Completeness to theta = 25.00° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7251 and 0.5466 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 4648 / 0 / 238 

Goodness-of-fit on F
2
 1.037 

Final R indices [I>2sigma(I)] R1 = 0.0337, wR2 = 0.0693 

R indices (all data) R1 = 0.0442, wR2 = 0.0740 

Extinction coefficient 0.00031(10) 

Largest diff. peak and hole 2.293 and -1.132 e. Å
-3
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Table 2-6. Bond lengths [Å] and angles [°] Re(bipy-OMe)(CO)3Cl [5]. 

___________________________________________________________________________________ 

 

C(1)-N(1)   1.350(6) 

C(1)-C(2)   1.382(7) 

C(1)-H(1)   0.9500 

C(2)-C(3)   1.392(7) 

C(2)-H(2)   0.9500 

C(3)-C(4)   1.390(7) 

C(3)-C(11)   1.492(7) 

C(4)-C(5)   1.390(7) 

C(4)-H(4)   0.9500 

C(5)-N(1)   1.360(6) 

C(5)-C(10)   1.476(6) 

C(6)-N(2)   1.338(6) 

C(6)-C(7)   1.382(7) 

C(6)-H(6)   0.9500 

C(7)-C(8)   1.390(7) 

C(7)-H(7)   0.9500 

C(8)-C(9)   1.403(7) 

C(8)-C(12)   1.493(7) 

C(9)-C(10)   1.387(7) 

C(9)-H(9)   0.9500 

C(10)-N(2)   1.355(6) 

C(11)-H(11A)   0.9800 

C(11)-H(11B)   0.9800 

C(11)-H(11C)   0.9800 

C(12)-H(12A)   0.9800 

C(12)-H(12B)   0.9800 

C(12)-H(12C)   0.9800 

C(13)-O(1)   1.069(7) 

C(13)-Re(1)   1.959(6) 

C(14)-O(2)   1.141(6) 

C(14)-Re(1)   1.936(5) 

C(15)-O(3)   1.151(6) 

C(15)-Re(1)   1.918(5) 

C(16)-Cl(4)   1.747(6) 

C(16)-Cl(3)   1.756(6) 

C(16)-Cl(2)   1.777(6) 

C(16)-H(16)   1.0000 

N(1)-Re(1)   2.163(4) 

N(2)-Re(1)   2.172(4) 

Cl(1)-Re(1)   2.4890(13) 

 

N(1)-C(1)-C(2)  122.7(5) 

N(1)-C(1)-H(1)  118.7 

C(2)-C(1)-H(1)  118.7 

C(1)-C(2)-C(3)  120.0(5) 

C(1)-C(2)-H(2)  120.0 

C(3)-C(2)-H(2)  120.0 

C(4)-C(3)-C(2)  117.1(5) 

C(4)-C(3)-C(11)  121.0(5) 

C(2)-C(3)-C(11)  121.9(5) 

C(3)-C(4)-C(5)  120.8(5) 

C(3)-C(4)-H(4)  119.6 
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C(5)-C(4)-H(4)  119.6 

N(1)-C(5)-C(4)  121.3(4) 

N(1)-C(5)-C(10)  115.2(4) 

C(4)-C(5)-C(10)  123.5(4) 

N(2)-C(6)-C(7)  123.0(5) 

N(2)-C(6)-H(6)  118.5 

C(7)-C(6)-H(6)  118.5 

C(6)-C(7)-C(8)  119.8(5) 

C(6)-C(7)-H(7)  120.1 

C(8)-C(7)-H(7)  120.1 

C(7)-C(8)-C(9)  117.1(5) 

C(7)-C(8)-C(12)  121.5(5) 

C(9)-C(8)-C(12)  121.4(5) 

C(10)-C(9)-C(8)  120.2(5) 

C(10)-C(9)-H(9)  119.9 

C(8)-C(9)-H(9)  119.9 

N(2)-C(10)-C(9)  121.6(4) 

N(2)-C(10)-C(5)  115.3(4) 

C(9)-C(10)-C(5)  123.0(4) 

C(3)-C(11)-H(11A) 109.5 

C(3)-C(11)-H(11B) 109.5 

H(11A)-C(11)-H(11B) 109.5 

C(3)-C(11)-H(11C) 109.5 

H(11A)-C(11)-H(11C) 109.5 

H(11B)-C(11)-H(11C) 109.5 

C(8)-C(12)-H(12A) 109.5 

C(8)-C(12)-H(12B) 109.5 

H(12A)-C(12)-H(12B) 109.5 

C(8)-C(12)-H(12C) 109.5 

H(12A)-C(12)-H(12C) 109.5 

H(12B)-C(12)-H(12C) 109.5 

O(1)-C(13)-Re(1)  175.5(5) 

O(2)-C(14)-Re(1)  176.1(4) 

O(3)-C(15)-Re(1)  177.5(5) 

Cl(4)-C(16)-Cl(3) 110.6(3) 

Cl(4)-C(16)-Cl(2) 110.1(3) 

Cl(3)-C(16)-Cl(2) 109.8(3) 

Cl(4)-C(16)-H(16) 108.8 

Cl(3)-C(16)-H(16) 108.8 

Cl(2)-C(16)-H(16) 108.8 

C(1)-N(1)-C(5)  118.1(4) 

C(1)-N(1)-Re(1)  124.5(3) 

C(5)-N(1)-Re(1)  117.2(3) 

C(6)-N(2)-C(10)  118.3(4) 

C(6)-N(2)-Re(1)  124.5(3) 

C(10)-N(2)-Re(1)  117.1(3) 

C(15)-Re(1)-C(14) 89.6(2) 

C(15)-Re(1)-C(13) 90.4(2) 

C(14)-Re(1)-C(13) 86.3(2) 

C(15)-Re(1)-N(1)  170.52(17) 

C(14)-Re(1)-N(1)  98.87(18) 

C(13)-Re(1)-N(1)  94.47(18) 

C(15)-Re(1)-N(2)  96.66(18) 

C(14)-Re(1)-N(2)  173.78(18) 

Table 2-6 (Cont.) 
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C(13)-Re(1)-N(2)  93.57(18) 

N(1)-Re(1)-N(2)  74.93(15) 

C(15)-Re(1)-Cl(1) 93.58(15) 

C(14)-Re(1)-Cl(1) 92.99(15) 

C(13)-Re(1)-Cl(1) 175.99(15) 

N(1)-Re(1)-Cl(1)  81.74(11) 

N(2)-Re(1)-Cl(1)  86.74(11)

_________________________________________________________________________________

Table 2-6 (Cont.) 
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Chapter 3 Chapter 3 

Chapter 3 

 

Artificial photosynthesis of CO: Kinetic studies, 

structural determination and origins of selectivity. 

 

3.1 Introduction 

The development and deployment of artificial photosynthetic systems is of 

immediate concern in view of the world’s continued dependence on fossil fuels and 

the increasing emissions of CO2 due to their use. Rapid industrial growth in 

developing nations will significantly increase the global energy demand in coming 

years, and while known reserves of fuels such as natural gas and coal are sufficient for 

the near future, they are becoming increasingly costly to obtain. As the use of fossil 

fuels is fundamentally unsustainable and generates greenhouse gases and other 

pollutants, the development of environmentally benign energy sources is important. 

Solar energy is an abundant alternative, but it suffers from being a diffuse energy 

source, and its availability varies by location and time of day. If we can capture solar 

energy and use CO2 as a C1 feedstock for liquid fuels, we can envision converting our 

global energy economy into a nearly carbon-neutral system.
1
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Photosynthesis is one of the great triumphs of nature, and is the cornerstone for 

advanced life on the planet. While solar energy is already being harvested on a 

commercial scale via photovoltaics and solar thermal power, mankind has yet to 

master nature’s ability to store sunlight as chemical energy by splitting CO2 and H2O 

to form C–C, C–H and O–O bonds. The energy-dense liquid fuels formed by this 

process would have the advantage of conforming to the existing infrastructure. 

Photosynthesis can be divided into two parts: water oxidation and reduction of carbon 

dioxide. The first half of the photosynthetic equation, water oxidation, has been 

reviewed extensively by others.
2-4

 
 

Our laboratory has recently focused on the second half and we are currently 

exploring the development of CO2 reduction catalysts with the goal of implementing a 

directly photo-driven system. A few systems for the direct conversion of solar energy 

into chemical energy using a CO2 reduction catalyst at a semiconductor photoelectrode 

have been reported previously,
5-9

 and further development of this concept will require 

optimization of both the catalyst and the semiconductor components. 

One key aspect of catalyst optimization deals with selectivity of the catalyst 

towards the desired substrates. The reduction of CO2 to useful products is inherently 

proton-dependent. This is true not only for the production of carbohydrates by natural 

photosynthesis, but also for the synthetic production of other value-added products 

from the reduction of CO2. The protons required are susceptible to competitive, direct 

reduction to H2, a process that occurs at a more positive (i.e., more favorable) 

thermodynamic potential. A functional artificial photosynthetic system therefore 
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requires a catalyst that is kinetically selective for CO2 reduction over H
+
 reduction.

 Recently, we have explored complexes of the type Re(bipy-R)(CO)3(L) (where 

bipy-R =  4,4’-disubstituted-2,2’-bipyridine and L = an anionic ligand, or a neutral 

ligand with 
–
OTf as the counter ion) and reported that Re(bipy-tBu)(CO)3Cl [1] is a 

pre-catalyst for the electrochemical reduction of CO2 to CO at high turnover frequency 

(>200 s
–1

) compared with the previous reports on Re(bipy)(CO)3Cl.
10-12

 Complex [1] 

has one of the highest turnover frequencies reported for the reduction of CO2 to CO, 

and exhibits nearly 100% Faradaic efficiency with very high turnover numbers (less 

than 5% degradation over a period of more than 24 hours). We have also successfully 

coupled the catalyst to a semiconductor electrode, p-type silicon (p-Si), which enables 

us to provide part of the thermodynamic energy for catalysis using illumination with 

light in the solar spectrum.
9
 

 A fully operational photoelectrochemical device will require the coordination 

of photovoltaics, semiconductor electrodes, catalysts, and substrates. We believe that 

understanding the individual components of the system will accelerate research 

towards a functional device. Herein, we report detailed studies of two of the key 

components in an artificial photosynthetic system based on the Re(bipy-tBu)(CO)3(L) 

catalyst that are widely applicable to homogeneous electrochemical catalysis. The first 

is the interaction between the catalyst and the two potential substrates, CO2 and H
+
. 

We show by stopped-flow UV-Vis spectroscopy that the active catalyst displays 

remarkable selectivity for CO2 over H
+
. The origins of this desirable activity were 

further investigated through crystallographic and DFT characterization of the reduced 
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catalytic intermediate. We also show here that CO2 reduction is enhanced by the 

addition of Brönsted acids, and exhibits a primary H/D kinetic isotope effect (KIE). 

Another key component of the system would be the integration of the catalyst into a 

photoelectrochemical device. This step is not discussed here, but is represented 

schematically in Figure 3-1 above. 

 

3.2 Results and Discussion 

Synthesis and IR of [Re(bipy-tBu)(CO)3]
–1

. Previously published results  suggested 

that the doubly-reduced [Re(bipy-tBu)(CO)3]
–1

 anion is the species that actively binds 

CO2, rendering it the most immediately relevant intermediate in studies of CO2/H
+
 

selectivity.
12

 We discovered that solutions of this species could be generated by 

 
 

Figure 3-1. Schematic for a device using a p-Si/Re(bipy-tBu)(CO)3Cl semiconductor/molecular 

catalyst junction to reduce CO2 photoelectrochemically. An applied potential bias 

thermodynamically favors the movement of photogenerated electrons to the semiconductor/catalyst 

interface. The semiconductor surface may be modified by functional groups to affect the 

heterogeneous charge transfer rate. 
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reduction of Re(bipy-tBu)(CO)3Cl [1] with KC8, and that by careful handling, they 

could be maintained and characterized by a variety of techniques. The IR spectrum of 

the reduced compound in THF shows a shift of the high energy band from 2018 cm
–1

 

to 1940 cm
–1

, suggesting significant back donation to the carbonyls. These stretches 

are in good agreement with the frequencies reported in previous 

spectroelectrochemical studies.
12, 13

 This KC8 method was thus used to generate the 

samples used in the experiments reported below. 

 

UV-Vis Stopped-Flow Spectroscopy: Probing the Selectivity of the Re Catalyst. 

Recently published results demonstrated the remarkable selectivity of the [Re(bipy-

tBu)(CO)3]
–1

 anion towards CO2 over H
+
 reduction.

14
 We investigated the CO2/H

+
 

selectivity in detail using stopped-flow UV-Vis experiments to quantify their relative 

rates of reaction with the Re catalyst anion. While the exact products are not well-

defined in these stoichiometric reactions, the relative rates of the reactions are still 

informative. This UV-Vis spectrum of the reduced Re anion contains a strong, richly 

featured absorption at 570 nm (14,000 M
–1

cm
–1

) that presumably arises from a 

bipyridine-based radical. The persistence of the anion was thus monitored at this 

absorption. This is in contrast to [1], which has a max at 384 nm (3900 M
–1

cm
–1

).
15

 

Solutions of the reduced complex were mixed in the stopped-flow apparatus with 

either CO2-saturated THF (0.20 M)
16

 or with 0.20 M solutions of H2O, CH3OH, or 

TFE (CF3CH2OH) in THF.   
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  The spectral changes for the CO2 reaction show rapid and complete decay of 

Re anion (Figure 3-2). The absorbance at 570 nm follows simple first-order kinetics 

over three half-lives, with t1/2 = 20 ms and a pseudo first order rate constant of 35 s
–1

 

(Table 3-1). The reactions with water, MeOH, and TFE were much slower, requiring 

multiple seconds to proceed to completion. Control reactions mixing the Re anion with 

 
Figure 3-2. Reaction of [Re(bipy-tBu)(CO)3]

-1
 in THF with a solution of 200 mM CO2 in THF over 

0.75 sec in a stopped-flow UV-Vis experiment. Scans were taken every 1.5 ms over the course of 

the experiment and the degradation of the peak at 570 nm was followed for the half-life and pseudo-

first order rate constant determination. 
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pure THF (no CO2 or proton source) showed background degradation on this longer 

timescale. Remarkably, TFE did not appear to react with the Re complex on the time 

scale of the experiments (up to 150 s), beyond the background degradation. These 

results mirror the electrochemical conclusion that CO2 is more readily reduced than H
+
 

by the Re anion, and suggest that this selectivity may have its origin in the initial 

reaction of the substrate with the doubly-reduced Re species.  

     The H2O and methanol reactions were more complicated than simple first-

order decay of the Re anion. The absorbance at 570 nm did not fully bleach, and new 

absorbances are observed at ~520 and 370 nm (Figures 3-3 and 3-4), due to as yet 

unidentified species. Until more detailed kinetic analyses can be completed, we have 

estimated half-lives for these reactions to provide a comparison with the well-behaved 

CO2 reaction: ~0.5 s for H2O, ~1 s MeOH and ≥100 s for TFE. These values imply 

that the reaction with CO2 is ca. 25 times faster than that with H2O, and 50 times faster 

than that with methanol. The slower reaction with TFE than with H2O or MeOH is

Table 3-1. Results from UV-Vis stopped-flow experiments of [Re(bipy-tBu)(CO)3]
-1 

 

Reactant Half-life (t1/2) pseudo-first order rate constant 

CO2 0.02 s 35 s
-1

 

H2O [0.5 s] [~1 s
-1

] 

CH3OH [1 s] [~1 s
-1

] 

 
The first three half-lives for the CO2 reaction fit well to pseudo-first order kinetics. The H2O and 

CH3OH reactions, however, as described in the text, are more complex. The values given above 

in square brackets are rough estimates of the time for the first half life of reaction, estimated from 

the spectral changes in Figures 3 and 4. 
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Figure 3-4. Reaction of activated [Re(bipy-tBu)(CO)3]
-1

 in THF with a 200 mM water solution in 

THF over 7.5 sec in a stopped-flow UV-Vis experiment. Scans were taken every 15.0 ms over the 

course of the experiment and either the degradation of the peak at 570 nm or the growth of the peak 

at 370 nm could be followed to obtain half-lives and estimates for the rate of the reaction. It is 

notable that the products of this reaction are different than those in the CO2 reaction and that the 

peak at 570 nm does not bleach to 0 abs. *In addition, note the growth of the peak at 520 nm that is 

not present in the CO2 reaction. 

 
 

Figure 3-3. Reaction of activated [Re(bipy-tBu)(CO)3]
-1

 in THF with a 200 mM methanol solution 

in THF over 15.0 sec in a stopped-flow UV-Vis experiment. Scans were taken every 30.0 ms over 

the course of the experiment and either the degradation of the peak at 570 nm or the growth of the 

peak at 370 nm could be followed to obtain half-lives and estimates for the rate of the reaction. It is 

notable that the products of this reaction are different than those in the CO2 reaction and that the 

peak at 570 nm does not bleach to 0 abs. *In addition, note the growth of the peak at 520 nm that is 

not present in the CO2 reaction. 
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surprising given the higher acidity of TFE than of H2O or MeOH, and suggests that 

these reactions may be more complicated than simple protonation of the Re anion. 

Still, the conclusion is very clear that the rhenium anion reacts much more quickly 

with CO2 than with sources of H
+
.  

   

Crystallography and DFT of the Re Anion: Origins of Selectivity. With stable 

solutions of the [Re(bipy-tBu)(CO)3]
–1

 species in hand, the source of CO2 selectivity 

could be investigated through structural studies. Single crystals suitable for X-ray 

diffraction were grown from the vapor diffusion of pentane into a THF solution of the 

anion containing 18-crown-6 as a stabilizing agent. Upon reduction, the pre-catalyst 

 
 

Figure 3-5. Molecular structure of the [Re(bipy-tBu)(CO)3]
-1 

anion. Hydrogen atoms, counter-ion 

and solvent molecules are omitted for clarity. Ellipsoids are shown at 50% probability. 
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[1] loses chloride and adopts a distorted trigonal bipyramidal structure (5 = 0.46) in 

the solid state with the Re coordinated by three facial carbonyl ligands and a chelating 

bipyridine (Figure 3-5).
17

 A table of selected bond lengths and angles can be found in 

Table 3-3 (appendix) and a full structure including the numbering scheme can be 

found in Figure 3-12 (appendix). The potassium cation is encapsulated by the crown 

ether and has one bound THF molecule. It is also associated with the axial carbonyl 

(O3–K1, 2.945(7) Å) (Figure 3-13, appendix). The Re–N distance contracts and the 

bite angle of the bipyridine increases slightly compared with the unreduced starting 

material [1] (Figure 3-14, appendix). This behavior is indicative of an improved 

orbital overlap between the ligand and metal center in the anion.  

 To obtain a better understanding of the electronics of this reduced state, we 

employed DFT calculations using ADF 2007.1. The calculated HOMO is a hybrid 

involving both the ligand and the metal center, containing substantial * character 

(Figure 3-6, xyz coordinates in Table 3-4 in the appendix).  This is consistent with the 

 
Figure 3-6. HOMO of Re(bipy-tBu)(CO)3

-1
 anion calculated using ADF 2007.1. 
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bond length alternation observed in the bipyridine rings of the Re anion crystal 

structure. The bond alternation in the bipy is similar to what is seen in crystal 

structures of reduced 2,2’-bipyridine  and suggests significant electron density on the 

ligand.
18

 The geometry of the HOMO diffuses the directional basicity of the Re anion, 

and thus, other factors such as  interactions become important. We expect that the 

mixed character of the HOMO (bipy
–
 + Re

0
) relative to a pure doubly occupied dz

2
 

“lone-pair” is sufficient to cause CO2 binding to be more favorable than H
+
 binding. 

Similarly, a HOMO that is delocalized over bipy (*) and Re d-orbitals disfavors 

direct protonation of the Re dz
2
 orbital to produce a hydride.  

 The nature of the binding of CO2 to the anion can also be better understood 

through DFT. The geometry optimized electronic structure of a Re(bipy-

tBu)(CO)3(CO2)K complex was calculated. The structure did not converge without the 

 
Figure 3-7. Calculated orbitals of Re(bipy-tBu)(CO)3(CO2)K using ADF 2007.1 showing a.) the dz

2
 

orbital that forms a  bond to CO2 and b.) the  interactions with CO2. 



75 

 

 
 

 
 

addition of a cation (H, Li, Na, or K) to support the highly electronegative oxygen 

atoms. We observed that the dz
2
 orbital can form a  bond to the carbon atom of CO2 

(HOMO) and the interaction with CO2 can be further stabilized by a  interaction of 

the metal dxz and dyz orbitals with p orbitals on the CO2 oxygen atoms (HOMO-4) 

(Figure 3-7, xyz coordinates in Table 3-5 in the appendix). This stabilizing interaction 

is clearly not available for the interaction with H
+
. This interaction is somewhat 

similar to that calculated by Fujita and co-workers in the 

[Co(macrocycle)(CO2)(CH3CN)]
+
 binding, but the Re complex forms an extended 

bonding interaction with the CO2 oxygen atoms rather than just with the carbon center 

as in the Co example.
19

 

 

Brönsted acid rate enhancement and Kinetic Isotope Effects. Having established a 

marked selectivity for CO2 over H
+
, we then investigated the catalytic system in the 

presence of added proton sources. The previously reported parent catalyst system, [1], 

has a very negative catalytic potential of –2.23 V (vs. Fc/Fc
+
) relative to the 

thermodynamic potential of the reduction of CO2 to CO (ca. –1.2 V vs. Fc/Fc
+
 in 

water at pH 7). The high overpotential creates a situation where catalysis can occur 

without an added proton source. Previous reports have suggested that the second 

oxygen from CO2 is transferred to an unknown oxide acceptor.
20

 In similar systems, 

the necessary proton can be extracted from acetonitrile
21

 or even from the electrolyte 

via Hoffman degradation.
22

 More recently, evidence pointing to protons as the oxide 

acceptor was reported by Wong and co-workers. They showed that the catalytic 
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current increased for the reduction of Re(bipy)(CO)3(py)(OTf) under CO2 in the 

presence of increasing concentrations of weak Brönsted acids.
23

 In their study, the rate 

of electrocatalytic CO2 reduction increased for the series: water (H2O) < methanol 

(CH3OH) < phenol < trifluoroethanol (TFE). In all cases, the Faradaic efficiency for 

the production of CO remained > 95%. 

 As a follow up to that work, the CO2 reduction behavior of the improved 

catalysts Re(bipy-tBu)(CO)3(MeCN)(OTf) [2] and Re(bipy-tBu)(CO)3(py)(OTf) [3] 

were studied in the presence of H2O, D2O, CH3OH, CD3OD, TFE, and TFE-d3 under 

an atmosphere of CO2. Under argon and before the addition of protons, complex [2] 

exhibits one reversible reduction at –1.71 V followed by a quasi-reversible reduction 

at –1.94 V (vs. Fc/Fc
+
). Complex [3] exhibits one reversible reduction at –1.64 V and 

 
Figure 3-8. Re(bipy-tBu)(CO)3(MeCN)(OTf) [2] under argon (black) and CO2 (red). The solution is 

1 mM in catalyst with 0.1 M tetrabutylammonium hexafluorophosphate (TBAH) as the supporting 

electrolyte. A 1 mm diameter glassy carbon electrode, a Pt wire counter electrode, and an Ag wire 

pseudo-reference were used with ferrocene added as an internal reference. 
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one quasi-reversible reduction at –1.95 V (vs. Fc/Fc
+
) (Figure 3-8). The first reduction 

of the complex represents reduction of the bipyridine ligand and the second reduction 

is mostly metal-based.
12, 13

 It was observed that the addition of 0.5 M pyridine to the 

solution of [3] increases the reversibility of the second reduction.  

 Given that [1] showed a substantial increase in the rate of catalysis over the 

original Re(bipy)(CO)3Cl catalyst,
12

 we expected to see even higher current densities 

upon the addition of protons to [2] and [3] in the presence of CO2 in MeCN. Upon 

addition of TFE or methanol, an increased icat/ip was observed compared with the 

results of Wong and co-workers, whereas for water a similar icat/ip was observed 

(Table 3-2).   

Table 3-2. Summary of results for addition of Brönsted acids. 

 

Pre-catalyst Brönsted acid Highest icat / ip 
b
 

CO2 solubility at 

highest icat / ip 

Re(bipy-tBu)(CO)3(MeCN)(OTf) [2] TFE 54.0 (1.6 M)   0.19 M 

Re(bipy-tBu)(CO)3(MeCN)(OTf) [2] Methanol 41.9 (9.9 M)   0.22 M 

Re(bipy-tBu)(CO)3(MeCN)(OTf) [2] Water 9.0 (10.0 M)   0.18 M 

Re(bipy-tBu)(CO)3(py)(OTf) [3] TFE 62.0 (1.5 M)   0.27 M 

Re(bipy-tBu)(CO)3(py)(OTf) [3] Methanol 28.9 (8.0 M)   0.23 M 

Re(bipy-tBu)(CO)3(py)(OTf) [3] Water 8.2 (7.3 M)   0.19 M 

Re(bipy)(CO)3(py)(OTf) 
a
 TFE 47.1 (0.77 M)   0.27 M 

Re(bipy)(CO)3(py)(OTf) 
a
 Phenol 39.5 (0.57 M)   0.30 M 

Re(bipy)(CO)3(py)(OTf) 
a
 Methanol 31.1 (7.20 M)   0.24 M 

Re(bipy)(CO)3(py)(OTf) 
a
 Water 11.4 (10.4 M)   0.17 M 

a
 From Wong et al. (27) 

b
 Acid concentration in parenthesis. 
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 A normal primary H/D kinetic isotope effect was observed in these 

experiments (see the data for CH3OH vs. CD3OD in Figure 3-9). For complex [2], the 

KIE for H2O/D2O is 1.8(±0.1), the KIE for CH3OH/CD3OD is 1.8(±0.1), and the KIE 

for TFE/TFE-d3 is 1.2(±0.1). The decreased KIE for TFE is attributed to an increased 

mismatch between the pKa of the metal-bound CO2 and the pKa of the acid.
24

 The 

observation of a KIE suggests that proton transfer to the Re-CO2 adduct is likely 

involved in the rate limiting step in this reaction.  

 The Brönsted acid experiments also suggest that the catalytic reaction is 

second order in acid. A linear region can be observed in a plot of the ratio of catalytic 

 
 

Figure 3-9. KIE study for methanol and methanol-d4 addition to the catalytic reaction of [Re(bipy-

tBu)(CO)3]
-1

 with CO2. In each case we see a significant increase in the catalytic current upon 

addition of the Brönsted acid. This data is representative of the results for H2O/D2O and TFE/TFE-d3. 
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current (icat) to non-catalytic current (ip) versus substrate concentration (Figure 3-10). 

This behavior is expected for an EC’ catalytic mechanism, in which the relationship 

between substrate concentration and current ratio can be described by (E3-1).
25, 26

  

  

             
    

  
(
      

    
)
 

(
    

  
)

 

  E3-1 

  

The molar range of the linear region changes for each acid in the series. All of 

the acids exhibit this behavior before tapering and establishing a steady catalytic icat/ip. 

 
Figure 3-10. Kinetics of the catalytic reduction of CO2 by 1.0 mM [Re(bipy-tBu)(CO3)(MeCN)]

+
 in 

CH3CN + 0.1 M TBAH with added CH3OH or CD3OD. The variation of icat / ip is analogous to 

plotting k’
1/2

 and leads to a second order dependence on [H
+
] in the rate equation. 
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Catalytic currents do not plateau in the cyclic voltammograms under CO2 (even at 

high H
+
 concentrations), but E3-1 applies because the catalytic current is scan rate 

independent. Additional experiments have established that the reaction is first order in 

[CO2],
23

 leading to the rate equation: 

  

             
        E3-2 

  

 For all Brönsted acids, the production of CO was nearly quantitative (>95% 

current efficiency) even at acid concentrations where icat/ip was at its maximum, 

consistent with other data indicating that the catalyst remains very selective for CO2 

even in the presence of a large excess of H
+
. Together, the KIE and second-order [H

+
]

 

dependence of this catalytic reaction provide strong evidence for H2O formation from 

the second oxygen atom of the CO2 substrate. The H
+
 dependence is ideal for an 

artificial photosynthesis system because the oxygen-evolving half reaction produces 

protons. 

 

3.3 Concluding Remarks  

We have shown that the Re(bipy-tBu)(CO)3(L) electrocatalytic system is very 

selective for the reduction of CO2, and that the rate of catalysis can be enhanced by the 

addition of a proton source. Stopped-flow UV-Vis experimental data indicate that CO2 

reacts ca. 25 times faster than water and ca. 50 times faster than methanol with 

[Re(bipy-tBu)(CO)3]
–1

. The reduced form presumed to be the active catalyst was 
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studied by X-ray crystallography for the first time. The structural data, combined with 

DFT studies of the reduced complex, suggest that the HOMO contains mixed metal-

ligand character. Kinetic isotope effect and kinetic studies indicate that protons are 

involved in the rate determining step for the reduction of CO2 to CO by Re(bipy-

tBu)(CO)3(L).  

 

3.4 Experimental 

General considerations. Complex [1] was synthesized by previously reported 

methods.
12

 X-ray quality crystals of 1 were grown from the vapor diffusion of pentane 

into THF. THF, CH3CN, and Pentane were sparged with argon and dried over basic 

alumina with a custom dry solvent system, THF and pentane were then stored over 

activated molecular sieves. KC8 was prepared by literature methods.
27

 18-crown-6 was 

recrystallized from acetonitrile, tetrabutylammonium hexafluorophosphate (TBAH) 

was recrystallized twice from methanol, and both were dried in vacuo. All other 

chemicals were purchased from commercial sources and used as received.  

 

Synthesis of Re(bipy-tBu)(CO)3(MeCN)(OTf) [2]. Re(bipy-tBu)(CO)3Cl (0.540 g, 

0.94 mmol) was added to ~80 mL acetonitrile under nitrogen. Silver triflate (0.243 g, 

0.95 mmol) was added to the flask with stirring and covered with foil to protect from 

light. The reaction mixture was refluxed for 24 hours followed by rotary evaporation 

yielding a yellow powder. A basic alumina column was run first with CH2Cl2 to elute 

any remaining Cl
-
 complex followed by CH3CN to elute complex [2]. 

1
H NMR (400 
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MHz, methylene chloride-d2, 20 °C): δ 1.48 (s, 18H), δ 2.23 (s, 3H), δ 7.65 (dd, 2H, J 

= 6 Hz, 2 Hz), δ 8.34 (d, 2H, J = 2 Hz), δ 8.85 (d, 2H, J = 6 Hz). IR(CH3CN) ν(CO): 

2038 cm
–1

, 1934 cm
–1

 (broad). Anal. Calcd for 2, C24H27F3N3O6ReS: C, 39.55; H, 

3.73; N, 5.77. Found: C, 39.49; H, 3.69; N, 5.66. 

 

Synthesis of Re(bipy-tBu)(CO)3(py)(OTf) [3]. Re(CO)5Cl (0.500 g, 1.4 mmol) was 

added to ~50 mL CH2Cl2 under a nitrogen atmosphere. Silver triflate (0.3760 g, 1.46 

mmol) was added to the flask with stirring and covered with foil to protect from light. 

After 24 hours of stirring the reaction mixture was filtered to remove AgCl. 4,4’-di-

tert-butyl-2,2’-bipyridine (0.364 g, 1.35 mmol) was added to the clear, colorless 

solution and heat was applied to reflux. After 23 hours of reflux vacuum was applied 

to the yellow solution with gentle warming to remove the solvent. A yellow solid was 

obtained and argon-sparged pyridine (20 mL) was added. The yellow solid dissolved 

in the pyridine and heat was applied to reflux. After four hours of reflux the pyridine 

was removed under a stream of argon with gentle warming. The resulting yellow-

green solid was purified by column chromatography on basic alumina with CH2Cl2 to 

elute any Cl
–
 complex followed by CH3CN to elute complex [3]. The product was 

rotary evaporated and dried in a vacuum oven at 90 °C overnight. Spectroscopically 

pure [3] was obtained from the reaction with a total yield of 90%. 
1
H NMR (400 MHz, 

Methylene Chloride-d2, 20 °C): δ 1.46 (s, 18H), δ 7.37 (t. 2H, J = 7 Hz), δ 7.73 (dd, 

2H, J = 6 Hz, 2 Hz), δ 7.86 (t, 1H, J = 8 Hz), δ 8.22 (d, 2H, J = 4 Hz), δ 8.26 (d, 2H, J 

= 1.5 Hz) δ 9.02 (d, 2H, J = 5.5 Hz). IR(CH3CN) ν(CO): 2033 cm
-1

, 1927 cm
-1
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(broad). Anal. Calcd for 3, C27H29F3N3O6ReS: C, 42.29; H, 3.81; N, 5.48. Found: C, 

42.39; H, 3.79; N, 5.21. X-ray quality crystals were grown from vapor diffusion of 

diethyl ether into acetonitrile. Crystal structure details can be found in Figure 3-11 and 

Table 3-2.     

 

Reduction of Re(bipy-tBu)(CO)3Cl with KC8. 1–10 mM solutions of Re(bipy-

tBu)(CO)3Cl were prepared in THF in an inert atmosphere and cooled to –35 °C. 

Either 18-crown-6 (2.5 eq. for X-ray and FTIR) or tetrabutylammonium 

hexafluorophosphate (0.1 M for stopped-flow) were added as stabilizing agents. 2.1 

equivalents of KC8 were added to the cooled solution and allowed to warm to room 

temperature over a period of 30 minutes. The solution was then filtered, affording a 

 
Figure 3-11. Molecular structure of Re(bipy-tBu)(CO)3(py)(CF3SO3).  Hydrogen atoms and a 

disordered triflate are omitted for clarity. Ellipsoids are shown at 50% probability. 
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deep purple solution of the anion. The solution was concentrated from 20 mL to 

approximately 3 mL and 15 mL of pentane was added. That solution was stored in the 

freezer for two hours, was then decanted, and the purple solid was dried under 

vacuum. X-ray quality crystals were grown by the vapor diffusion of pentane in to a 

THF solution of the complex. A typical yield of 66% was observed. FTIR(THF) 

ν(CO): 1940 cm
–1

 and 1835 cm
–1

. 
1
H NMR (500 MHz, TFH-d8, 20 °C): δ 1.21 (s, 

18H), δ 3.54 (s(br), 24H), δ 3.59 (d, 2H, J = 6 Hz), δ 7.13 (s, 2H), δ 8.86 (d, 2H, J = 7 

Hz). Anal. Calcd, C33H48KN2O9Re: C, 47.07; H, 5.75; N, 3.33. Found: C, 47.02; H, 

5.72; N, 3.35. 

 

Stopped-Flow Measurements. Stopped-flow measurements were performed using a 

Hi-Tech/TgK Scientific SF-61DX2 Cryo Stopped-Flow system. A xenon-lamp 

illuminated the mixing chamber (1 cm path length, fused UV silica) in conjunction 

with a diode array detector. Reactions were run at ~295 K with time scale ranging 

from 0.75 to 150 seconds (first data point at 0.75 ms). All samples were prepared 

under a nitrogen atmosphere in a dry box and were transported to the stopped-flow 

apparatus in gas-tight syringes. The apparatus was flushed with dry, degassed THF 

thoroughly before loading the samples into the drive syringes. Samples were relatively 

stable over a few hours (<10% decomposition). The concentration of [Re(bipy-

tBu)(CO)3]
–1

 before mixing was 0.12 mM, CO2 was at saturation (~ 200 mM) in THF, 

H2O, methanol and TFE were all prepared at 200 mM in THF. Control reactions 

mixing [Re(bipy-tBu)(CO)3]
-
 with THF alone showed a background degradation 
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reaction, with 75% decomposition over 150 s. Data was analyzed using Kinetic Studio 

2.23 (Hi-Tech Scientific). 

 

X-ray structure determination. The single crystal X-ray diffraction studies were 

carried out on a Bruker Kappa APEX-II CCD diffractometer equipped with Mo Kα 

radiation (λ = 0.71073 Å) or a Bruker Kappa APEX CCD diffractometer equipped 

with Cu Kα radiation (λ = 1.54184 Å).  The crystals were mounted on a Cryoloop with 

Paratone oil and data was collected under a nitrogen gas stream at 100(2) K using  

and  scans.  Data was integrated using the Bruker SAINT software program and 

scaled using the SADABS software program.  Solution by direct methods (SHELXS) 

produced a complete phasing model consistent with the proposed structure. All non-

hydrogen atoms were refined anisotropically by full-matrix least-squares (SHELXL-

97).
28

  All hydrogen atoms were placed using a riding model.  Their positions were 

constrained relative to their parent atom using the appropriate HFIX command in 

SHELXL-97.  Crystallographic data are summarized in Table 3-2. 

 

Computational methods. The DFT calculations were performed with the Amsterdam 

Density Functional (ADF) program suite,
29, 30

 version 2007.1 using the triple- Slater-

type orbital basis set.  Zero-order regular approximation (ZORA)
31, 32

  was included 

for relativistic effects in conjunction with the local density approximation of Vosko et 

al. (VWN).
33

 Generalized gradient approximations for electron exchange and 
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correlation were used as described by Becke
34

 and Perdew.
35, 36

  Molecular orbitals 

and final geometries were visualized with ADF-GUI. 

 

Electrochemistry. All electrochemical experiments were performed using a BASi 

Epsilon potentiostat and an air-tight one compartment electrochemical cell. Either 

glassy carbon (BASi 1 mm diameter) or p-Si were used as the working electrode, a Pt 

wire was used as the counter, and an Ag wire separated from the solution by a Vycor 

tip was used as a pseudo reference (Ferrocene added as an additional reference). All 

electrochemical experiments were performed in acetonitrile with 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAH) as the supporting electrolyte 

except where otherwise noted, and were purged with either argon or CO2 before CVs 

were taken. Re concentrations started at 1 mM in all cases and decreased with addition 

of Brönsted acid. CO2 experiments were performed at gas saturation (~ 0.25 M). 

 

 

Note: Much of the material for this chapter comes directly from a manuscript entitled 

“Artificial photosynthesis of CO: Kinetic and structural studies, origins of selectivity 

and the importance of interfacial charge transfer.” by Jonathan M. Smieja, Eric E. 

Benson, Bhupendra Kumar, Kyle A. Grice, Candace S. Seu, Alexander A. J. Miller, 

James M. Mayer, and Clifford P. Kubiak, which has been published in Proceedings of 

the National Academy of Sciences, 2012, In Press. The dissertation author is the 

primary author of this manuscript.  
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3.6 Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3-12. Moleculuar structure of [Re(bipy-tBu)(CO)3]
-1

 and labeling scheme. 



92 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3-13. Full structure of [Re(bipy-tBu)(CO)3][K(18-crown-6)•THF].  Hydrogen atoms are 

omitted for clarity and ellipsoids are shown at 50% probability. 
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Figure 3-14. Molecular structure of one of the molecules of Re(bipy-tBu)(CO)3Cl in the 

asymmetric unit, Z’ = 2.  Hydrogen atoms are omitted for clarity and ellipsoids are shown at 50% 

probability. 
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Table 3-3. Selected bond lengths and angles for Re(bipy-tBu)(CO)3Cl, [Re(bipy-tBu)(CO)3]
-1

 and 

Re(bipy-tBu)(CO)3(py)(OTf). 
 

 
Re(bipy-tBu)(CO)3Cl Re(bipy-tBu)(CO)3

- 
Re(bipy-tBu) 

(CO)3(py)(OTf) 

Re - N1 2.174(3) 2.070(7) 2.165(2) 

Re - N2 2.178(3) 2.115(7) 2.167(2) 

Re - C1 1.909(4) 1.903(11) 1.922(3) 

Re - C2 1.909(4) 1.919(8) 1.922(3) 

Re - C3 1.914(4) 1.926(11) 1.927(3) 

C1 - O1 1.148(5) 1.145(15) 1.153(3) 

C2 - O2 1.172(5) 1.144(12) 1.151(3) 

C3 - O3 1.161(5) 1.166(13) 1.151(3) 

N1 - Re1 - N2 74.36(11) 75.1(3) 74.93(8) 

N1 - Re1 - C1 92.73(14) 127.2(5) 94.2(1) 

N1 - Re1 - C2 100.45(14) 142.4(3) 171.2(1) 

N1 - Re1 - C3 171.97(14) 95.3(4) 97.9(1) 

N2 - Re1 - C1 96.05(14) 97.3(4) 95.1(1) 

N2 - Re1 - C2 173.67(14) 95.1(3) 96.6(1) 

N2 - Re1 - C3 97.72(14) 170.0(4) 172.2(1) 

N1 - C4 1.337(5) 1.372(14) 1.349(3) 

C4 - C5 1.379(5) 1.324(15) 1.373(4) 

C5 - C6 1.396(5) 1.442(13) 1.397(4) 

C6 - C7 1.393(5) 1.364(14) 1.389(4) 

C7 - C8 1.385(5) 1.439(14) 1.390(4) 

C8 - N1 1.360(5) 1.422(12) 1.355(4) 

C8 - C9 1.487(5) 1.373(15) 1.476(3) 

C9 - N2 1.361(5) 1.402(12) 1.360(3) 

C9 - C10 1.386(5) 1.424(13) 1.387(4) 

C10 - C11 1.404(5) 1.370(16) 1.401(3) 

C11 - C12 1.385(5) 1.407(16) 1.380(4) 

C12 - C13 1.378(5) 1.375(14) 1.379(4) 

C13 - N2 1.345(5) 1.346(13) 1.343(3) 

Re1 - N3 N/A N/A 2.209(2) 

N2 - Re1 - N3 N/A N/A 85.23(8) 

N3 - Re1 - C1 N/A N/A 179.0(1) 

N3 - Re1 - C2 N/A N/A 91.9(1) 

N3 - Re1 - C3 N/A N/A 91.2(1) 
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Table 3-4. Geometry optimized xyz coordinates for [Re(bipy-tBu)(CO)3]
–1

 from DFT calculations. 
 

Atom X Y Z 

Re1 0.536714 1.381065 -0.833598 

C1 1.13192 3.214844 -0.768546 

C2 -1.093185 1.912348 -1.64912 

C3 1.37484 1.178334 -2.555934 

C4 0.401052 -1.676506 -1.46259 

H4 0.524419 -1.306904 -2.477681 

C5 0.271962 -3.019266 -1.222763 

H5 0.303856 -3.694769 -2.074695 

C6 0.098872 -3.50264 0.11749 

C7 0.077756 -2.539753 1.105094 

H7 -0.051004 -2.834852 2.147055 

C8 0.22211 -1.156056 0.833505 

C9 0.238145 -0.130762 1.798988 

C10 0.117953 -0.32202 3.197314 

H10 -0.015705 -1.344652 3.551552 

C11 0.167304 0.715712 4.104612 

C12 0.347367 2.025323 3.541019 

H12 0.399406 2.913565 4.167289 

C13 0.454233 2.190824 2.186593 

H13 0.581222 3.183538 1.762001 

C14 -0.044013 -4.995009 0.456281 

C15 -0.032561 -5.871241 -0.809085 

H15a -0.85427 -5.606527 -1.488719 

H15b 0.912093 -5.767909 -1.36051 

H15c -0.147772 -6.930275 -0.533054 

C16 1.127316 -5.443314 1.361034 

H16a 1.14728 -4.866999 2.295266 

H16b 1.035774 -6.511398 1.618364 

H16c 2.090208 -5.288419 0.854475 

C17 -1.374341 -5.244274 1.202986 

H17a -1.427189 -4.657602 2.129144 

H17b -2.230273 -4.955092 0.5775 

H17c -1.479156 -6.309208 1.46693 

C18 0.04751 0.459715 5.615171 

C19 1.228821 -0.415173 6.096603 

H19a 1.154162 -0.612541 7.178887 

H19b 1.244004 -1.380296 5.573281 

H19c 2.187151 0.084946 5.89937 

C20 -1.275507 -0.277341 5.925667 

H20a -2.138519 0.325585 5.610274 

H20b -1.330205 -1.237441 5.396129 

H20c -1.365918 -0.478618 7.005784 

C21 0.065813 1.770884 6.421235 

H21a -0.035667 1.551812 7.494927 

H21b 1.007829 2.317721 6.277283 

H21c -0.76077 2.43383 6.130744 

N1 0.387006 -0.706788 -0.492001 

N2 0.411623 1.167047 1.266153 

O1 1.511642 4.329432 -0.70028 

O2 -2.098259 2.253439 -2.164843 

O3 1.901737 1.006333 -3.596916 
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Table 3-5. Geometry optimized xyz coordinates for [Re(bipy-tBu)(CO)3(CO2)(K)] from DFT. 

 
Atom X Y Z 

Re1 -0.770017 0.812243 -0.525125 

C1 -0.215189 0.393285 1.305915 

C2 -0.760067 -1.071318 -0.961721 

C3 1.068274 0.93293 -1.096108 

C4 -3.750073 -0.027131 0.037431 

H4 -3.382341 -0.970276 -0.356338 

C5 -5.041344 0.088645 0.525417 

H5 -5.675972 -0.794397 0.508073 

C6 -5.50508 1.314911 1.035163 

C7 -4.605151 2.380633 0.965222 

H7 -4.906157 3.364895 1.318921 

C8 -3.313391 2.218027 0.454889 

C9 -2.340146 3.297151 0.337055 

C10 -2.596415 4.622215 0.70273 

H10 -3.568995 4.865816 1.125458 

C11 -1.637769 5.625482 0.545193 

C12 -0.421466 5.220989 -0.037713 

H12 0.38055 5.931232 -0.225499 

C13 -0.210384 3.896331 -0.381947 

H13 0.723443 3.575634 -0.833593 

C14 -6.903421 1.504609 1.641305 

C15 -7.694845 2.540761 0.811281 

H15a -7.819239 2.203244 -0.227077 

H15b -8.693925 2.687828 1.2477 

H15c -7.189135 3.515676 0.793259 

C16 -6.768266 2.02001 3.092941 

H16a -6.210101 1.306492 3.714579 

H16b -6.245488 2.984864 3.13489 

H16c -7.764434 2.159045 3.538304 

C17 -7.697362 0.187437 1.665234 

H17a -8.682575 0.358586 2.120625 

H17b -7.86277 -0.207397 0.653392 

H17c -7.184896 -0.583076 2.25736 

C18 -1.92514 7.064964 0.994337 

C19 -3.136897 7.624505 0.214803 

H19a -2.937677 7.643878 -0.865677 

H19b -4.039743 7.021684 0.382778 

H19c -3.353154 8.651874 0.543379 

C20 -2.252162 7.074979 2.505815 

H20a -1.411699 6.681817 3.093974 

H20b -2.456506 8.102751 2.840335 

H20c -3.137453 6.465832 2.733121 

C21 -0.720246 7.99031 0.752647 

H21a -0.960317 9.004652 1.099154 

H21b 0.168297 7.651582 1.302513 

H21c -0.463563 8.054242 -0.313574 

C22 -1.408784 1.129889 -2.690726 

N1 -2.866848 0.995755 0.025125 

N2 -1.126782 2.920552 -0.180207 

O1 0.110322 0.088974 2.385489 

O2 -0.782213 -2.213096 -1.204893 

O3 2.189237 1.030124 -1.411852 

O4 -2.347448 0.430007 -3.189785 

O5 -0.785641 2.04654 -3.322452 

K1 -2.489982 2.037527 -5.149897 
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Table 3-6. Crystal data and structure refinement for Re(bipy-tBu)(CO)3-K(18-crown-6). 

___________________________________________________________________________________ 

Identification code  cc 

Empirical formula  C37 H56 K N2 O10 Re 

Formula weight  914.14 

Temperature  100(2) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  Cc 

Unit cell dimensions a = 20.856(2) Å = 90°. 

 b = 10.2525(8) Å = 112.170(11)° 

 c = 20.295(2) Å = 90°. 

Volume 4018.9(6) Å
3
 

Z 4 

Density (calculated) 1.511 Mg/m
3
 

Absorption coefficient 7.300 mm
–1

 

F(000) 1864 

Crystal size 0.10 x 0.10 x 0.01 mm
3
 

Theta range for data collection 4.58 to 68.43°. 

Index ranges -24<=h<=23, -11<=k<=12, -24<=l<=23 

Reflections collected 15825 

Independent reflections 5770 [R(int) = 0.0501] 

Completeness to theta = 60.00° 99.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9306 and 0.5289 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 5770 / 2 / 454 

Goodness-of-fit on F
2
 1.035 

Final R indices [I>2sigma(I)] R1 = 0.0495, wR2 = 0.1241 

R indices (all data) R1 = 0.0535, wR2 = 0.1278 

Absolute structure parameter -0.056(15) 

Largest diff. peak and hole 2.875 and -1.004 e.Å
–3

 

___________________________________________________________ 
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Table 3-7. Bond lengths [Å] and angles [°] for Re(bipy-tBu)(CO)3-K(18-crown-6). 

___________________________________________________________________________________ 

Re(1)-C(1)  1.902(12) 

Re(1)-C(2)  1.922(9) 

Re(1)-C(3)  1.927(11) 

Re(1)-N(1)  2.070(7) 

Re(1)-N(2)  2.115(7) 

K(1)-O(5)  2.761(8) 

K(1)-O(10)  2.773(9) 

K(1)-O(6)  2.774(8) 

K(1)-O(8)  2.779(8) 

K(1)-O(4)  2.806(7) 

K(1)-O(7)  2.836(9) 

K(1)-O(9)  2.868(8) 

K(1)-O(3)  2.945(7) 

K(1)-C(24)  3.513(11) 

K(1)-C(35)  3.537(14) 

O(1)-C(1)  1.147(15) 

O(2)-C(2)  1.146(12) 

O(3)-C(3)  1.164(12) 

O(4)-C(34)  1.373(16) 

O(4)-C(22)  1.426(14) 

O(5)-C(23)  1.404(14) 

O(5)-C(24)  1.407(15) 

O(6)-C(25)  1.412(14) 

O(6)-C(27)  1.425(14) 

O(7)-C(28)  1.393(17) 

O(7)-C(29)  1.411(15) 

O(8)-C(31)  1.423(14) 

O(8)-C(30)  1.431(12) 

O(9)-C(33)  1.412(15) 

O(9)-C(32)  1.416(14) 

O(10)-C(35)  1.407(18) 

O(10)-C(38)  1.422(19) 

N(1)-C(4)  1.373(14) 

N(1)-C(8)  1.419(12) 

N(2)-C(13)  1.348(13) 

N(2)-C(9)  1.401(12) 

C(4)-C(5)  1.323(15) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.442(13) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.362(14) 

C(6)-C(14)  1.517(13) 

C(7)-C(8)  1.444(14) 

C(7)-H(7)  0.9500 

C(8)-C(9)  1.370(15) 

C(9)-C(10)  1.424(13) 

C(10)-C(11)  1.368(16) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.408(16) 

C(11)-C(18)  1.539(15) 

C(12)-C(13)  1.375(14) 

C(12)-H(12)  0.9500 

C(13)-H(13)  0.9500 

C(14)-C(17)  1.518(14) 
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C(14)-C(15)  1.530(18) 

C(14)-C(16)  1.539(19) 

C(15)-H(15A)  0.9800 

C(15)-H(15B)  0.9800 

C(15)-H(15C)  0.9800 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(18)-C(19)  1.482(17) 

C(18)-C(20)  1.521(18) 

C(18)-C(21)  1.544(16) 

C(19)-H(19A)  0.9800 

C(19)-H(19B)  0.9800 

C(19)-H(19C)  0.9800 

C(20)-H(20A)  0.9800 

C(20)-H(20B)  0.9800 

C(20)-H(20C)  0.9800 

C(21)-H(21A)  0.9800 

C(21)-H(21B)  0.9800 

C(21)-H(21C)  0.9800 

C(22)-C(23)  1.46(2) 

C(22)-H(22A)  0.9900 

C(22)-H(22B)  0.9900 

C(23)-H(23A)  0.9900 

C(23)-H(23B)  0.9900 

C(24)-C(25)  1.501(16) 

C(24)-H(24A)  0.9900 

C(24)-H(24B)  0.9900 

C(25)-H(25A)  0.9900 

C(25)-H(25B)  0.9900 

C(27)-C(28)  1.51(2) 

C(27)-H(27A)  0.9900 

C(27)-H(27B)  0.9900 

C(28)-H(28A)  0.9900 

C(28)-H(28B)  0.9900 

C(29)-C(30)  1.477(18) 

C(29)-H(29A)  0.9900 

C(29)-H(29B)  0.9900 

C(30)-H(30A)  0.9900 

C(30)-H(30B)  0.9900 

C(31)-C(32)  1.492(16) 

C(31)-H(31A)  0.9900 

C(31)-H(31B)  0.9900 

C(32)-H(32A)  0.9900 

C(32)-H(32B)  0.9900 

C(33)-C(34)  1.541(19) 

C(33)-H(33A)  0.9900 

C(33)-H(33B)  0.9900 

C(34)-H(34A)  0.9900 

C(34)-H(34B)  0.9900 

C(35)-C(36)  1.55(2) 
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C(35)-H(35A)  0.9900 

C(35)-H(35B)  0.9900 

C(36)-C(37)  1.52(3) 

C(36)-H(36A)  0.9900 

C(36)-H(36B)  0.9900 

C(37)-C(38)  1.47(2) 

C(37)-H(37A)  0.9900 

C(37)-H(37B)  0.9900 

C(38)-H(38A)  0.9900 

C(38)-H(38B)  0.9900 

 

C(1)-Re(1)-C(2) 89.7(5) 

C(1)-Re(1)-C(3) 90.8(5) 

C(2)-Re(1)-C(3) 90.8(4) 

C(1)-Re(1)-N(1) 127.2(5) 

C(2)-Re(1)-N(1) 142.4(4) 

C(3)-Re(1)-N(1) 95.3(4) 

C(1)-Re(1)-N(2) 97.3(4) 

C(2)-Re(1)-N(2) 95.2(4) 

C(3)-Re(1)-N(2) 169.9(4) 

N(1)-Re(1)-N(2) 75.1(3) 

O(5)-K(1)-O(10) 78.9(3) 

O(5)-K(1)-O(6) 61.0(2) 

O(10)-K(1)-O(6) 94.5(3) 

O(5)-K(1)-O(8) 174.0(2) 

O(10)-K(1)-O(8) 95.2(3) 

O(6)-K(1)-O(8) 118.9(2) 

O(5)-K(1)-O(4) 61.1(2) 

O(10)-K(1)-O(4) 79.0(3) 

O(6)-K(1)-O(4) 121.9(2) 

O(8)-K(1)-O(4) 119.2(2) 

O(5)-K(1)-O(7) 117.7(3) 

O(10)-K(1)-O(7) 87.6(3) 

O(6)-K(1)-O(7) 60.0(3) 

O(8)-K(1)-O(7) 60.4(3) 

O(4)-K(1)-O(7) 166.5(2) 

O(5)-K(1)-O(9) 120.2(2) 

O(10)-K(1)-O(9) 79.0(3) 

O(6)-K(1)-O(9) 172.7(2) 

O(8)-K(1)-O(9) 59.1(2) 

O(4)-K(1)-O(9) 60.4(2) 

O(7)-K(1)-O(9) 116.0(3) 

O(5)-K(1)-O(3) 74.6(2) 

O(10)-K(1)-O(3) 152.3(3) 

O(6)-K(1)-O(3) 79.9(2) 

O(8)-K(1)-O(3) 111.4(2) 

O(4)-K(1)-O(3) 81.2(2) 

O(7)-K(1)-O(3) 111.8(2) 

O(9)-K(1)-O(3) 107.4(2) 

O(5)-K(1)-C(24) 22.0(3) 

O(10)-K(1)-C(24) 93.2(3) 

O(6)-K(1)-C(24) 42.3(3) 

O(8)-K(1)-C(24) 160.1(3) 

O(4)-K(1)-C(24) 80.1(3) 
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O(7)-K(1)-C(24) 102.1(3) 

O(9)-K(1)-C(24) 140.5(3) 

O(3)-K(1)-C(24) 64.4(2) 

O(5)-K(1)-C(35) 100.0(3) 

O(10)-K(1)-C(35) 21.7(3) 

O(6)-K(1)-C(35) 100.1(3) 

O(8)-K(1)-C(35) 74.0(3) 

O(4)-K(1)-C(35) 93.8(3) 

O(7)-K(1)-C(35) 72.9(3) 

O(9)-K(1)-C(35) 72.7(3) 

O(3)-K(1)-C(35) 174.0(3) 

C(24)-K(1)-C(35) 111.5(3) 

C(3)-O(3)-K(1) 155.4(7) 

C(34)-O(4)-C(22) 111.4(9) 

C(34)-O(4)-K(1) 113.7(7) 

C(22)-O(4)-K(1) 111.0(7) 

C(23)-O(5)-C(24) 114.5(9) 

C(23)-O(5)-K(1) 114.2(7) 

C(24)-O(5)-K(1) 110.6(6) 

C(25)-O(6)-C(27) 112.1(9) 

C(25)-O(6)-K(1) 117.1(7) 

C(27)-O(6)-K(1) 118.5(8) 

C(28)-O(7)-C(29) 112.1(9) 

C(28)-O(7)-K(1) 114.9(7) 

C(29)-O(7)-K(1) 112.0(7) 

C(31)-O(8)-C(30) 113.0(8) 

C(31)-O(8)-K(1) 120.0(6) 

C(30)-O(8)-K(1) 117.2(6) 

C(33)-O(9)-C(32) 114.0(9) 

C(33)-O(9)-K(1) 112.0(7) 

C(32)-O(9)-K(1) 109.4(6) 

C(35)-O(10)-C(38) 108.7(11) 

C(35)-O(10)-K(1) 111.4(7) 

C(38)-O(10)-K(1) 114.3(10) 

C(4)-N(1)-C(8) 115.5(8) 

C(4)-N(1)-Re(1) 126.3(6) 

C(8)-N(1)-Re(1) 118.2(7) 

C(13)-N(2)-C(9) 117.4(7) 

C(13)-N(2)-Re(1) 125.4(5) 

C(9)-N(2)-Re(1) 117.2(6) 

O(1)-C(1)-Re(1) 177.4(11) 

O(2)-C(2)-Re(1) 174.8(9) 

O(3)-C(3)-Re(1) 175.0(9) 

C(5)-C(4)-N(1) 125.0(9) 

C(5)-C(4)-H(4) 117.5 

N(1)-C(4)-H(4) 117.5 

C(4)-C(5)-C(6) 121.6(9) 

C(4)-C(5)-H(5) 119.2 

C(6)-C(5)-H(5) 119.2 

C(7)-C(6)-C(5) 116.2(9) 

C(7)-C(6)-C(14) 122.3(8) 

C(5)-C(6)-C(14) 121.5(9) 

C(6)-C(7)-C(8) 121.3(8) 

C(6)-C(7)-H(7) 119.4 
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C(8)-C(7)-H(7) 119.4 

C(9)-C(8)-N(1) 114.6(9) 

C(9)-C(8)-C(7) 125.1(9) 

N(1)-C(8)-C(7) 120.3(9) 

C(8)-C(9)-N(2) 114.8(8) 

C(8)-C(9)-C(10) 126.8(9) 

N(2)-C(9)-C(10) 118.4(9) 

C(11)-C(10)-C(9) 123.5(9) 

C(11)-C(10)-H(10) 118.3 

C(9)-C(10)-H(10) 118.3 

C(10)-C(11)-C(12) 116.0(10) 

C(10)-C(11)-C(18) 123.5(10) 

C(12)-C(11)-C(18) 120.6(10) 

C(13)-C(12)-C(11) 120.2(10) 

C(13)-C(12)-H(12) 119.9 

C(11)-C(12)-H(12) 119.9 

N(2)-C(13)-C(12) 124.4(8) 

N(2)-C(13)-H(13) 117.8 

C(12)-C(13)-H(13) 117.8 

C(6)-C(14)-C(17) 113.1(9) 

C(6)-C(14)-C(15) 109.6(9) 

C(17)-C(14)-C(15) 107.2(10) 

C(6)-C(14)-C(16) 108.6(9) 

C(17)-C(14)-C(16) 108.3(11) 

C(15)-C(14)-C(16) 110.1(12) 

C(14)-C(15)-H(15A) 109.5 

C(14)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 

C(14)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 

H(15B)-C(15)-H(15C) 109.5 

C(14)-C(16)-H(16A) 109.5 

C(14)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

C(14)-C(16)-H(16C) 109.5 

H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 

C(14)-C(17)-H(17A) 109.5 

C(14)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

C(14)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

C(19)-C(18)-C(20) 109.7(11) 

C(19)-C(18)-C(11) 112.2(9) 

C(20)-C(18)-C(11) 109.8(9) 

C(19)-C(18)-C(21) 108.8(10) 

C(20)-C(18)-C(21) 109.3(9) 

C(11)-C(18)-C(21) 107.0(9) 

C(18)-C(19)-H(19A) 109.5 

C(18)-C(19)-H(19B) 109.5 

H(19A)-C(19)-H(19B) 109.5 

C(18)-C(19)-H(19C) 109.5 

H(19A)-C(19)-H(19C) 109.5 
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H(19B)-C(19)-H(19C) 109.5 

C(18)-C(20)-H(20A) 109.5 

C(18)-C(20)-H(20B) 109.5 

H(20A)-C(20)-H(20B) 109.5 

C(18)-C(20)-H(20C) 109.5 

H(20A)-C(20)-H(20C) 109.5 

H(20B)-C(20)-H(20C) 109.5 

C(18)-C(21)-H(21A) 109.5 

C(18)-C(21)-H(21B) 109.5 

H(21A)-C(21)-H(21B) 109.5 

C(18)-C(21)-H(21C) 109.5 

H(21A)-C(21)-H(21C) 109.5 

H(21B)-C(21)-H(21C) 109.5 

O(4)-C(22)-C(23) 109.5(10) 

O(4)-C(22)-H(22A) 109.8 

C(23)-C(22)-H(22A) 109.8 

O(4)-C(22)-H(22B) 109.8 

C(23)-C(22)-H(22B) 109.8 

H(22A)-C(22)-H(22B) 108.2 

O(5)-C(23)-C(22) 109.1(11) 

O(5)-C(23)-H(23A) 109.9 

C(22)-C(23)-H(23A) 109.9 

O(5)-C(23)-H(23B) 109.9 

C(22)-C(23)-H(23B) 109.9 

H(23A)-C(23)-H(23B) 108.3 

O(5)-C(24)-C(25) 109.9(9) 

O(5)-C(24)-K(1) 47.4(5) 

C(25)-C(24)-K(1) 82.7(7) 

O(5)-C(24)-H(24A) 109.7 

C(25)-C(24)-H(24A) 109.7 

K(1)-C(24)-H(24A) 157.0 

O(5)-C(24)-H(24B) 109.7 

C(25)-C(24)-H(24B) 109.7 

K(1)-C(24)-H(24B) 84.3 

H(24A)-C(24)-H(24B) 108.2 

O(6)-C(25)-C(24) 108.9(9) 

O(6)-C(25)-H(25A) 109.9 

C(24)-C(25)-H(25A) 109.9 

O(6)-C(25)-H(25B) 109.9 

C(24)-C(25)-H(25B) 109.9 

H(25A)-C(25)-H(25B) 108.3 

O(6)-C(27)-C(28) 108.7(10) 

O(6)-C(27)-H(27A) 109.9 

C(28)-C(27)-H(27A) 109.9 

O(6)-C(27)-H(27B) 109.9 

C(28)-C(27)-H(27B) 109.9 

H(27A)-C(27)-H(27B) 108.3 

O(7)-C(28)-C(27) 112.1(11) 

O(7)-C(28)-H(28A) 109.2 

C(27)-C(28)-H(28A) 109.2 

O(7)-C(28)-H(28B) 109.2 

C(27)-C(28)-H(28B) 109.2 

H(28A)-C(28)-H(28B) 107.9 

O(7)-C(29)-C(30) 111.5(10) 
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O(7)-C(29)-H(29A) 109.3 

C(30)-C(29)-H(29A) 109.3 

O(7)-C(29)-H(29B) 109.3 

C(30)-C(29)-H(29B) 109.3 

H(29A)-C(29)-H(29B) 108.0 

O(8)-C(30)-C(29) 108.6(9) 

O(8)-C(30)-H(30A) 110.0 

C(29)-C(30)-H(30A) 110.0 

O(8)-C(30)-H(30B) 110.0 

C(29)-C(30)-H(30B) 110.0 

H(30A)-C(30)-H(30B) 108.4 

O(8)-C(31)-C(32) 108.9(9) 

O(8)-C(31)-H(31A) 109.9 

C(32)-C(31)-H(31A) 109.9 

O(8)-C(31)-H(31B) 109.9 

C(32)-C(31)-H(31B) 109.9 

H(31A)-C(31)-H(31B) 108.3 

O(9)-C(32)-C(31) 108.7(9) 

O(9)-C(32)-H(32A) 109.9 

C(31)-C(32)-H(32A) 109.9 

O(9)-C(32)-H(32B) 109.9 

C(31)-C(32)-H(32B) 109.9 

H(32A)-C(32)-H(32B) 108.3 

O(9)-C(33)-C(34) 108.4(10) 

O(9)-C(33)-H(33A) 110.0 

C(34)-C(33)-H(33A) 110.0 

O(9)-C(33)-H(33B) 110.0 

C(34)-C(33)-H(33B) 110.0 

H(33A)-C(33)-H(33B) 108.4 

O(4)-C(34)-C(33) 107.9(9) 

O(4)-C(34)-H(34A) 110.1 

C(33)-C(34)-H(34A) 110.1 

O(4)-C(34)-H(34B) 110.1 

C(33)-C(34)-H(34B) 110.1 

H(34A)-C(34)-H(34B) 108.4 

O(10)-C(35)-C(36) 105.8(12) 

O(10)-C(35)-K(1) 46.9(6) 

C(36)-C(35)-K(1) 110.4(10) 

O(10)-C(35)-H(35A) 110.6 

C(36)-C(35)-H(35A) 110.6 

K(1)-C(35)-H(35A) 65.4 

O(10)-C(35)-H(35B) 110.6 

C(36)-C(35)-H(35B) 110.6 

K(1)-C(35)-H(35B) 137.7 

H(35A)-C(35)-H(35B) 108.7 

C(37)-C(36)-C(35) 101.8(15) 

C(37)-C(36)-H(36A) 111.4 

C(35)-C(36)-H(36A) 111.4 

C(37)-C(36)-H(36B) 111.4 

C(35)-C(36)-H(36B) 111.4 

H(36A)-C(36)-H(36B) 109.3 

C(38)-C(37)-C(36) 104.2(14) 

C(38)-C(37)-H(37A) 110.9 

C(36)-C(37)-H(37A) 110.9 
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C(38)-C(37)-H(37B) 110.9 

C(36)-C(37)-H(37B) 110.9 

H(37A)-C(37)-H(37B) 108.9 

O(10)-C(38)-C(37) 109.9(14) 

O(10)-C(38)-H(38A) 109.7 

C(37)-C(38)-H(38A) 109.7 

O(10)-C(38)-H(38B) 109.7 

C(37)-C(38)-H(38B) 109.7 

H(38A)-C(38)-H(38B) 108

___________________________________________________________________________________ 
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Table 3-8. Crystal data and structure refinement for Re(bipy-tBu)(CO)3Cl. 

___________________________________________________________________________________ 

Identification code  eb_111110mo_0m 

Empirical formula  C21 H24 Cl N2 O3 Re 

Formula weight  574.07 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/n 

Unit cell dimensions a = 15.9538(6) Å = 90°. 

 b = 12.8056(5) Å = 104.2910(10)° 

 c = 22.6304(10) Å  = 90°. 

Volume 4480.3(3) Å3 

Z 8 

Density (calculated) 1.702 Mg/m3 

Absorption coefficient 5.566 mm-1 

F(000) 2240 

Crystal size 0.10 x 0.07 x 0.04 mm3 

Theta range for data collection 1.79 to 25.44°. 

Index ranges -19<=h<=17, -13<=k<=15, -27<=l<=27 

Reflections collected 28704 

Independent reflections 8253 [R(int) = 0.0415] 

Completeness to theta = 25.00° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8080 and 0.6060 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8253 / 0 / 527 

Goodness-of-fit on F2 1.144 

Final R indices [I>2sigma(I)] R1 = 0.0239, wR2 = 0.0551 

R indices (all data) R1 = 0.0283, wR2 = 0.0564 

Largest diff. peak and hole 0.957 and -1.105 e.Å-3 

___________________________________________________________________________________ 
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Table 3-9. Bond lengths [Å] and angles [°] for Re(bipy-tBu)(CO)3Cl. 

___________________________________________________________________________________ 

Re(1)-C(1)  1.909(4) 

Re(1)-C(2)  1.909(4) 

Re(1)-C(3)  1.914(4) 

Re(1)-N(1)  2.174(3) 

Re(1)-N(2)  2.178(3) 

Re(1)-Cl(1)  2.4626(10) 

Re(2)-C(22B)  1.82(4) 

Re(2)-C(22A)  1.892(6) 

Re(2)-C(24)  1.925(4) 

Re(2)-C(23)  1.938(4) 

Re(2)-N(4)  2.164(3) 

Re(2)-N(3)  2.175(3) 

Re(2)-Cl(2B)  2.453(11) 

Re(2)-Cl(2A)  2.4749(14) 

O(1)-C(1)  1.148(5) 

O(2)-C(2)  1.172(5) 

O(3)-C(3)  1.161(5) 

O(4A)-C(22A)  1.174(8) 

O(4B)-C(22B)  1.14(5) 

O(5)-C(23)  1.145(4) 

O(6)-C(24)  1.157(4) 

N(1)-C(4)  1.337(5) 

N(1)-C(8)  1.360(5) 

N(2)-C(13)  1.345(5) 

N(2)-C(9)  1.361(5) 

N(3)-C(25)  1.343(5) 

N(3)-C(29)  1.360(5) 

N(4)-C(34)  1.340(5) 

N(4)-C(30)  1.361(5) 

C(4)-C(5)  1.379(5) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.396(5) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.393(5) 

C(6)-C(14)  1.521(5) 

C(7)-C(8)  1.385(5) 

C(7)-H(7)  0.9500 

C(8)-C(9)  1.487(5) 

C(9)-C(10)  1.386(5) 

C(10)-C(11)  1.404(5) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.385(5) 

C(11)-C(18)  1.535(5) 

C(12)-C(13)  1.378(5) 

C(12)-H(12)  0.9500 

C(13)-H(13)  0.9500 

C(14)-C(17)  1.532(6) 

C(14)-C(16)  1.533(6) 

C(14)-C(15)  1.536(6) 

C(15)-H(15A)  0.9800 

C(15)-H(15B)  0.9800 

C(15)-H(15C)  0.9800 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 
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C(16)-H(16C)  0.9800 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(18)-C(21)  1.531(6) 

C(18)-C(19)  1.531(6) 

C(18)-C(20)  1.539(6) 

C(19)-H(19A)  0.9800 

C(19)-H(19B)  0.9800 

C(19)-H(19C)  0.9800 

C(20)-H(20A)  0.9800 

C(20)-H(20B)  0.9800 

C(20)-H(20C)  0.9800 

C(21)-H(21A)  0.9800 

C(21)-H(21B)  0.9800 

C(21)-H(21C)  0.9800 

C(25)-C(26)  1.381(5) 

C(25)-H(25)  0.9500 

C(26)-C(27)  1.388(5) 

C(26)-H(26)  0.9500 

C(27)-C(28)  1.404(5) 

C(27)-C(35)  1.515(5) 

C(28)-C(29)  1.396(5) 

C(28)-H(28)  0.9500 

C(29)-C(30)  1.475(5) 

C(30)-C(31)  1.388(5) 

C(31)-C(32)  1.404(5) 

C(31)-H(31)  0.9500 

C(32)-C(33)  1.388(5) 

C(32)-C(39)  1.528(5) 

C(33)-C(34)  1.377(5) 

C(33)-H(33)  0.9500 

C(34)-H(34)  0.9500 

C(35)-C(36)  1.532(5) 

C(35)-C(37)  1.536(6) 

C(35)-C(38)  1.547(6) 

C(36)-H(36A)  0.9800 

C(36)-H(36B)  0.9800 

C(36)-H(36C)  0.9800 

C(37)-H(37A)  0.9800 

C(37)-H(37B)  0.9800 

C(37)-H(37C)  0.9800 

C(38)-H(38A)  0.9800 

C(38)-H(38B)  0.9800 

C(38)-H(38C)  0.9800 

C(39)-C(41)  1.529(5) 

C(39)-C(40)  1.532(6) 

C(39)-C(42)  1.535(5) 

C(40)-H(40A)  0.9800 

C(40)-H(40B)  0.9800 

C(40)-H(40C)  0.9800 

C(41)-H(41A)  0.9800 

C(41)-H(41B)  0.9800 

C(41)-H(41C)  0.9800 
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C(42)-H(42A)  0.9800 

C(42)-H(42B)  0.9800 

C(42)-H(42C)  0.9800 

 

C(1)-Re(1)-C(2) 87.74(17) 

C(1)-Re(1)-C(3) 89.37(17) 

C(2)-Re(1)-C(3) 87.37(17) 

C(1)-Re(1)-N(1) 92.73(14) 

C(2)-Re(1)-N(1) 100.45(14) 

C(3)-Re(1)-N(1) 171.97(14) 

C(1)-Re(1)-N(2) 96.05(15) 

C(2)-Re(1)-N(2) 173.67(14) 

C(3)-Re(1)-N(2) 97.72(14) 

N(1)-Re(1)-N(2) 74.36(11) 

C(1)-Re(1)-Cl(1) 174.82(12) 

C(2)-Re(1)-Cl(1) 92.40(12) 

C(3)-Re(1)-Cl(1) 95.80(13) 

N(1)-Re(1)-Cl(1) 82.15(9) 

N(2)-Re(1)-Cl(1) 83.36(9) 

C(22B)-Re(2)-C(22A) 173.3(11) 

C(22B)-Re(2)-C(24) 87.0(11) 

C(22A)-Re(2)-C(24) 88.0(2) 

C(22B)-Re(2)-C(23) 86.6(11) 

C(22A)-Re(2)-C(23) 88.9(2) 

C(24)-Re(2)-C(23) 91.33(16) 

C(22B)-Re(2)-N(4) 90.8(11) 

C(22A)-Re(2)-N(4) 94.3(2) 

C(24)-Re(2)-N(4) 96.52(14) 

C(23)-Re(2)-N(4) 171.62(14) 

C(22B)-Re(2)-N(3) 87.5(11) 

C(22A)-Re(2)-N(3) 98.1(2) 

C(24)-Re(2)-N(3) 169.30(14) 

C(23)-Re(2)-N(3) 97.52(14) 

N(4)-Re(2)-N(3) 74.37(12) 

C(22B)-Re(2)-Cl(2B) 171.5(11) 

C(22A)-Re(2)-Cl(2B) 13.0(3) 

C(24)-Re(2)-Cl(2B) 100.9(3) 

C(23)-Re(2)-Cl(2B) 90.2(2) 

N(4)-Re(2)-Cl(2B) 91.2(2) 

N(3)-Re(2)-Cl(2B) 85.1(3) 

C(22B)-Re(2)-Cl(2A) 9.2(11) 

C(22A)-Re(2)-Cl(2A) 176.42(18) 

C(24)-Re(2)-Cl(2A) 91.43(12) 

C(23)-Re(2)-Cl(2A) 94.62(12) 

N(4)-Re(2)-Cl(2A) 82.29(9) 

N(3)-Re(2)-Cl(2A) 81.91(9) 

Cl(2B)-Re(2)-Cl(2A) 166.7(3) 

C(4)-N(1)-C(8) 117.4(3) 

C(4)-N(1)-Re(1) 124.3(3) 

C(8)-N(1)-Re(1) 118.2(2) 

C(13)-N(2)-C(9) 117.8(3) 

C(13)-N(2)-Re(1) 124.4(3) 

C(9)-N(2)-Re(1) 117.7(2) 

C(25)-N(3)-C(29) 117.7(3) 
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C(25)-N(3)-Re(2) 125.1(3) 

C(29)-N(3)-Re(2) 116.5(3) 

C(34)-N(4)-C(30) 117.6(3) 

C(34)-N(4)-Re(2) 124.7(3) 

C(30)-N(4)-Re(2) 117.6(2) 

O(1)-C(1)-Re(1) 177.0(4) 

O(2)-C(2)-Re(1) 179.2(4) 

O(3)-C(3)-Re(1) 179.3(4) 

N(1)-C(4)-C(5) 123.2(4) 

N(1)-C(4)-H(4) 118.4 

C(5)-C(4)-H(4) 118.4 

C(4)-C(5)-C(6) 120.5(4) 

C(4)-C(5)-H(5) 119.7 

C(6)-C(5)-H(5) 119.7 

C(7)-C(6)-C(5) 116.0(4) 

C(7)-C(6)-C(14) 124.2(3) 

C(5)-C(6)-C(14) 119.8(3) 

C(8)-C(7)-C(6) 121.0(3) 

C(8)-C(7)-H(7) 119.5 

C(6)-C(7)-H(7) 119.5 

N(1)-C(8)-C(7) 121.8(3) 

N(1)-C(8)-C(9) 114.5(3) 

C(7)-C(8)-C(9) 123.6(3) 

N(2)-C(9)-C(10) 121.1(3) 

N(2)-C(9)-C(8) 115.1(3) 

C(10)-C(9)-C(8) 123.8(4) 

C(9)-C(10)-C(11) 121.2(4) 

C(9)-C(10)-H(10) 119.4 

C(11)-C(10)-H(10) 119.4 

C(12)-C(11)-C(10) 116.4(3) 

C(12)-C(11)-C(18) 123.1(4) 

C(10)-C(11)-C(18) 120.5(3) 

C(13)-C(12)-C(11) 120.2(4) 

C(13)-C(12)-H(12) 119.9 

C(11)-C(12)-H(12) 119.9 

N(2)-C(13)-C(12) 123.3(4) 

N(2)-C(13)-H(13) 118.3 

C(12)-C(13)-H(13) 118.3 

C(6)-C(14)-C(17) 111.1(3) 

C(6)-C(14)-C(16) 108.9(3) 

C(17)-C(14)-C(16) 109.4(4) 

C(6)-C(14)-C(15) 109.2(3) 

C(17)-C(14)-C(15) 108.6(4) 

C(16)-C(14)-C(15) 109.6(4) 

C(14)-C(15)-H(15A) 109.5 

C(14)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 

C(14)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 

H(15B)-C(15)-H(15C) 109.5 

C(14)-C(16)-H(16A) 109.5 

C(14)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

C(14)-C(16)-H(16C) 109.5 
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H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 

C(14)-C(17)-H(17A) 109.5 

C(14)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

C(14)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

C(21)-C(18)-C(19) 109.6(4) 

C(21)-C(18)-C(11) 111.4(4) 

C(19)-C(18)-C(11) 108.9(3) 

C(21)-C(18)-C(20) 107.9(4) 

C(19)-C(18)-C(20) 109.4(3) 

C(11)-C(18)-C(20) 109.6(3) 

C(18)-C(19)-H(19A) 109.5 

C(18)-C(19)-H(19B) 109.5 

H(19A)-C(19)-H(19B) 109.5 

C(18)-C(19)-H(19C) 109.5 

H(19A)-C(19)-H(19C) 109.5 

H(19B)-C(19)-H(19C) 109.5 

C(18)-C(20)-H(20A) 109.5 

C(18)-C(20)-H(20B) 109.5 

H(20A)-C(20)-H(20B) 109.5 

C(18)-C(20)-H(20C) 109.5 

H(20A)-C(20)-H(20C) 109.5 

H(20B)-C(20)-H(20C) 109.5 

C(18)-C(21)-H(21A) 109.5 

C(18)-C(21)-H(21B) 109.5 

H(21A)-C(21)-H(21B) 109.5 

C(18)-C(21)-H(21C) 109.5 

H(21A)-C(21)-H(21C) 109.5 

H(21B)-C(21)-H(21C) 109.5 

O(4A)-C(22A)-Re(2) 177.9(6) 

O(4B)-C(22B)-Re(2) 174(3) 

O(5)-C(23)-Re(2) 178.2(3) 

O(6)-C(24)-Re(2) 175.7(3) 

N(3)-C(25)-C(26) 123.9(4) 

N(3)-C(25)-H(25) 118.1 

C(26)-C(25)-H(25) 118.1 

C(25)-C(26)-C(27) 120.1(4) 

C(25)-C(26)-H(26) 119.9 

C(27)-C(26)-H(26) 119.9 

C(26)-C(27)-C(28) 115.9(4) 

C(26)-C(27)-C(35) 123.3(4) 

C(28)-C(27)-C(35) 120.8(4) 

C(29)-C(28)-C(27) 121.7(4) 

C(29)-C(28)-H(28) 119.1 

C(27)-C(28)-H(28) 119.1 

N(3)-C(29)-C(28) 120.7(4) 

N(3)-C(29)-C(30) 115.3(3) 

C(28)-C(29)-C(30) 124.0(3) 

N(4)-C(30)-C(31) 121.5(3) 

N(4)-C(30)-C(29) 114.5(3) 

C(31)-C(30)-C(29) 124.0(3) 
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C(30)-C(31)-C(32) 121.0(4) 

C(30)-C(31)-H(31) 119.5 

C(32)-C(31)-H(31) 119.5 

C(33)-C(32)-C(31) 115.9(4) 

C(33)-C(32)-C(39) 123.1(3) 

C(31)-C(32)-C(39) 121.0(3) 

C(34)-C(33)-C(32) 120.8(4) 

C(34)-C(33)-H(33) 119.6 

C(32)-C(33)-H(33) 119.6 

N(4)-C(34)-C(33) 123.2(4) 

N(4)-C(34)-H(34) 118.4 

C(33)-C(34)-H(34) 118.4 

C(27)-C(35)-C(36) 111.8(3) 

C(27)-C(35)-C(37) 108.9(3) 

C(36)-C(35)-C(37) 108.9(4) 

C(27)-C(35)-C(38) 110.0(3) 

C(36)-C(35)-C(38) 107.4(3) 

C(37)-C(35)-C(38) 109.8(4) 

C(35)-C(36)-H(36A) 109.5 

C(35)-C(36)-H(36B) 109.5 

H(36A)-C(36)-H(36B) 109.5 

C(35)-C(36)-H(36C) 109.5 

H(36A)-C(36)-H(36C) 109.5 

H(36B)-C(36)-H(36C) 109.5 

C(35)-C(37)-H(37A) 109.5 

C(35)-C(37)-H(37B) 109.5 

H(37A)-C(37)-H(37B) 109.5 

C(35)-C(37)-H(37C) 109.5 

H(37A)-C(37)-H(37C) 109.5 

H(37B)-C(37)-H(37C) 109.5 

C(35)-C(38)-H(38A) 109.5 

C(35)-C(38)-H(38B) 109.5 

H(38A)-C(38)-H(38B) 109.5 

C(35)-C(38)-H(38C) 109.5 

H(38A)-C(38)-H(38C) 109.5 

H(38B)-C(38)-H(38C) 109.5 

C(32)-C(39)-C(41) 108.4(3) 

C(32)-C(39)-C(40) 109.4(3) 

C(41)-C(39)-C(40) 109.9(3) 

C(32)-C(39)-C(42) 111.3(3) 

C(41)-C(39)-C(42) 109.5(3) 

C(40)-C(39)-C(42) 108.3(3) 

C(39)-C(40)-H(40A) 109.5 

C(39)-C(40)-H(40B) 109.5 

H(40A)-C(40)-H(40B) 109.5 

C(39)-C(40)-H(40C) 109.5 

H(40A)-C(40)-H(40C) 109.5 

H(40B)-C(40)-H(40C) 109.5 

C(39)-C(41)-H(41A) 109.5 

C(39)-C(41)-H(41B) 109.5 

H(41A)-C(41)-H(41B) 109.5 

C(39)-C(41)-H(41C) 109.5 

H(41A)-C(41)-H(41C) 109.5 

H(41B)-C(41)-H(41C) 109.5 
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C(39)-C(42)-H(42A) 109.5 

C(39)-C(42)-H(42B) 109.5 

H(42A)-C(42)-H(42B) 109.5 

C(39)-C(42)-H(42C) 109.5 

H(42A)-C(42)-H(42C) 109.5 

H(42B)-C(42)-H(42C) 109.5 

___________________________________________________________________________________ 
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Table 3-10. Crystal data and structure refinement for Re(bipy-tBu)(CO)3(py)(CF3SO3). 

___________________________________________________________________________________ 

Identification code  eb_110615b_0m 

Empirical formula  C27 H29 F3 N3 O6 Re S 

Formula weight  766.79 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/n 

Unit cell dimensions a = 12.1032(4) Å = 90°. 

 b = 10.2197(4) Å = 96.5900(10)°. 

 c = 25.5513(9) Å  = 90°. 

Volume 3139.6(2) Å3 

Z 4 

Density (calculated) 1.622 Mg/m3 

Absorption coefficient 3.997 mm-1 

F(000) 1512 

Crystal size 0.20 x 0.10 x 0.05 mm3 

Theta range for data collection 1.60 to 25.35°. 

Index ranges -14<=h<=14, -12<=k<=12, -30<=l<=30 

Reflections collected 50114 

Independent reflections 5757 [R(int) = 0.0316] 

Completeness to theta = 25.00° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8252 and 0.5020 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5757 / 0 / 304 

Goodness-of-fit on F2 1.069 

Final R indices [I>2sigma(I)] R1 = 0.0191, wR2 = 0.0453 

R indices (all data) R1 = 0.0202, wR2 = 0.0459 

Largest diff. peak and hole 0.777 and -0.424 e.Å-3 

___________________________________________________________________________________ 
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Table 3-11. Bond lengths [Å] and angles [°] for Re(bipy-tBu)(CO)3(py)(CF3SO3). 

___________________________________________________________________________________ 

Re(1)-C(1)  1.922(3) 

Re(1)-C(2)  1.923(3) 

Re(1)-C(3)  1.927(3) 

Re(1)-N(1)  2.164(2) 

Re(1)-N(2)  2.167(2) 

Re(1)-N(3)  2.209(2) 

O(1)-C(1)  1.153(3) 

O(2)-C(2)  1.150(3) 

O(3)-C(3)  1.151(3) 

N(1)-C(4)  1.349(3) 

N(1)-C(8)  1.355(3) 

N(2)-C(13)  1.343(3) 

N(2)-C(9)  1.360(3) 

N(3)-C(22)  1.340(4) 

N(3)-C(26)  1.348(3) 

C(4)-C(5)  1.374(4) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.397(4) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.389(4) 

C(6)-C(14)  1.527(4) 

C(7)-C(8)  1.389(4) 

C(7)-H(7)  0.9500 

C(8)-C(9)  1.477(4) 

C(9)-C(10)  1.387(4) 

C(10)-C(11)  1.401(4) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.380(4) 

C(11)-C(18)  1.537(4) 

C(12)-C(13)  1.379(4) 

C(12)-H(12)  0.9500 

C(13)-H(13)  0.9500 

C(14)-C(16)  1.508(5) 

C(14)-C(15)  1.532(4) 

C(14)-C(17)  1.549(5) 

C(15)-H(15A)  0.9800 

C(15)-H(15B)  0.9800 

C(15)-H(15C)  0.9800 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(18)-C(19)  1.524(5) 

C(18)-C(20)  1.528(5) 

C(18)-C(21)  1.548(6) 

C(19)-H(19A)  0.9800 

C(19)-H(19B)  0.9800 

C(19)-H(19C)  0.9800 

C(20)-H(20A)  0.9800 

C(20)-H(20B)  0.9800 

C(20)-H(20C)  0.9800 

C(21)-H(21A)  0.9800 
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C(21)-H(21B)  0.9800 

C(21)-H(21C)  0.9800 

C(22)-C(23)  1.376(4) 

C(22)-H(22)  0.9500 

C(23)-C(24)  1.377(4) 

C(23)-H(23)  0.9500 

C(24)-C(25)  1.368(5) 

C(24)-H(24)  0.9500 

C(25)-C(26)  1.371(4) 

C(25)-H(25)  0.9500 

C(26)-H(26)  0.9500 

 

C(1)-Re(1)-C(2) 89.04(11) 

C(1)-Re(1)-C(3) 88.34(11) 

C(2)-Re(1)-C(3) 90.42(11) 

C(1)-Re(1)-N(1) 94.25(9) 

C(2)-Re(1)-N(1) 171.16(9) 

C(3)-Re(1)-N(1) 97.87(10) 

C(1)-Re(1)-N(2) 95.10(9) 

C(2)-Re(1)-N(2) 96.61(10) 

C(3)-Re(1)-N(2) 172.21(10) 

N(1)-Re(1)-N(2) 74.94(8) 

C(1)-Re(1)-N(3) 179.00(9) 

C(2)-Re(1)-N(3) 91.85(10) 

C(3)-Re(1)-N(3) 91.21(10) 

N(1)-Re(1)-N(3) 84.93(8) 

N(2)-Re(1)-N(3) 85.24(8) 

C(4)-N(1)-C(8) 118.0(2) 

C(4)-N(1)-Re(1) 124.59(18) 

C(8)-N(1)-Re(1) 117.35(17) 

C(13)-N(2)-C(9) 117.4(2) 

C(13)-N(2)-Re(1) 125.42(19) 

C(9)-N(2)-Re(1) 117.15(17) 

C(22)-N(3)-C(26) 116.8(2) 

C(22)-N(3)-Re(1) 121.52(18) 

C(26)-N(3)-Re(1) 121.65(18) 

O(1)-C(1)-Re(1) 177.6(2) 

O(2)-C(2)-Re(1) 177.0(2) 

O(3)-C(3)-Re(1) 178.5(2) 

N(1)-C(4)-C(5) 122.7(3) 

N(1)-C(4)-H(4) 118.7 

C(5)-C(4)-H(4) 118.7 

C(4)-C(5)-C(6) 120.2(3) 

C(4)-C(5)-H(5) 119.9 

C(6)-C(5)-H(5) 119.9 

C(7)-C(6)-C(5) 116.9(2) 

C(7)-C(6)-C(14) 122.7(3) 

C(5)-C(6)-C(14) 120.3(3) 

C(8)-C(7)-C(6) 120.5(3) 

C(8)-C(7)-H(7) 119.7 

C(6)-C(7)-H(7) 119.7 

N(1)-C(8)-C(7) 121.6(2) 

N(1)-C(8)-C(9) 115.3(2) 

C(7)-C(8)-C(9) 123.0(2) 
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N(2)-C(9)-C(10) 121.3(2) 

N(2)-C(9)-C(8) 115.2(2) 

C(10)-C(9)-C(8) 123.5(2) 

C(9)-C(10)-C(11) 121.2(3) 

C(9)-C(10)-H(10) 119.4 

C(11)-C(10)-H(10) 119.4 

C(12)-C(11)-C(10) 116.3(3) 

C(12)-C(11)-C(18) 124.1(3) 

C(10)-C(11)-C(18) 119.7(3) 

C(13)-C(12)-C(11) 120.3(3) 

C(13)-C(12)-H(12) 119.8 

C(11)-C(12)-H(12) 119.8 

N(2)-C(13)-C(12) 123.5(3) 

N(2)-C(13)-H(13) 118.2 

C(12)-C(13)-H(13) 118.2 

C(16)-C(14)-C(6) 108.5(3) 

C(16)-C(14)-C(15) 111.2(3) 

C(6)-C(14)-C(15) 109.3(3) 

C(16)-C(14)-C(17) 107.9(3) 

C(6)-C(14)-C(17) 112.2(3) 

C(15)-C(14)-C(17) 107.7(3) 

C(14)-C(15)-H(15A) 109.5 

C(14)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 

C(14)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 

H(15B)-C(15)-H(15C) 109.5 

C(14)-C(16)-H(16A) 109.5 

C(14)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

C(14)-C(16)-H(16C) 109.5 

H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 

C(14)-C(17)-H(17A) 109.5 

C(14)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

C(14)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

C(19)-C(18)-C(20) 110.1(3) 

C(19)-C(18)-C(11) 108.3(3) 

C(20)-C(18)-C(11) 111.4(3) 

C(19)-C(18)-C(21) 109.5(4) 

C(20)-C(18)-C(21) 109.0(3) 

C(11)-C(18)-C(21) 108.5(3) 

C(18)-C(19)-H(19A) 109.5 

C(18)-C(19)-H(19B) 109.5 

H(19A)-C(19)-H(19B) 109.5 

C(18)-C(19)-H(19C) 109.5 

H(19A)-C(19)-H(19C) 109.5 

H(19B)-C(19)-H(19C) 109.5 

C(18)-C(20)-H(20A) 109.5 

C(18)-C(20)-H(20B) 109.5 

H(20A)-C(20)-H(20B) 109.5 
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C(18)-C(20)-H(20C) 109.5 

H(20A)-C(20)-H(20C) 109.5 

H(20B)-C(20)-H(20C) 109.5 

C(18)-C(21)-H(21A) 109.5 

C(18)-C(21)-H(21B) 109.5 

H(21A)-C(21)-H(21B) 109.5 

C(18)-C(21)-H(21C) 109.5 

H(21A)-C(21)-H(21C) 109.5 

H(21B)-C(21)-H(21C) 109.5 

N(3)-C(22)-C(23) 123.3(3) 

N(3)-C(22)-H(22) 118.3 

C(23)-C(22)-H(22) 118.3 

C(22)-C(23)-C(24) 118.9(3) 

C(22)-C(23)-H(23) 120.6 

C(24)-C(23)-H(23) 120.6 

C(25)-C(24)-C(23) 118.6(3) 

C(25)-C(24)-H(24) 120.7 

C(23)-C(24)-H(24) 120.7 

C(24)-C(25)-C(26) 119.6(3) 

C(24)-C(25)-H(25) 120.2 

C(26)-C(25)-H(25) 120.2 

N(3)-C(26)-C(25) 122.9(3) 

N(3)-C(26)-H(26) 118.6 

C(25)-C(26)-H(26) 118.6

___________________________________________________________________________________ 

Table 3-11 (Cont.) 



 
 

119 

 

Chapter 4 Chapter 4 

Chapter 4 

 

Probing the kinetics of the reaction of CO2 with 

[Re(bipy-tBu)(CO)3]
–1 and [Re(bipy)(CO)3]

–1 by stopped-

flow infrared spectroscopy. 

 

4.1 Introduction 

Electrocatalysts for the reduction of carbon dioxide (CO2) are of interest due to 

the impending peak in oil production and the threat of climate change associated with 

greenhouse gas accumulation in the Earth’s atmosphere. Many important contributions 

to this field have been published in the last 30 years, but gaps in understanding still 

exist. In order to optimize catalysts for scale up and use in industrial processes, efforts 

must be made to understand the mechanism of CO2 reduction. 

Stopped-flow is a spectroscopic technique used for studying fast reaction 

mechanisms in solution over timescales from 1 ms up to 100’s of seconds.  In general, 

two reagents are rapidly mixed together and then ‘stopped’ in an observation cell.  The 

change in reagents and formation of products are then recorded as a function of time, 
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usually as a fluorescence signal
1
 or the absorbance at a specific wavelength.

2-

6
  Analysis of the resulting kinetic data can determine reaction rates, complexity of the 

reaction mechanism, information on short-lived reaction intermediates, etc.  In 

addition, a series of stopped-flow experiments can be used to show the effect of 

parameters such as temperature,
7
 pH,

8
 and reagent concentration

9
 on the kinetics of the 

reaction.
 

Stopped-flow is not a new technique, but its application in studying the 

reaction kinetics of active catalyst species and their substrates in not well-developed. 

The Re(polypyridyl)(CO)3X framework is ideal for stopped-flow because the active 

form of the catalyst, [Re(polypyridyl)(CO)3]
–1

, is accessible through chemical 

reduction by potassium graphite (KC8) and is soluble in a variety of solvents (MeCN 

and THF). A catalyst of particular interest in our laboratory is Re(bipy-tBu)(CO)3X 

(where bipy-tBu = 4,4’-di-tert-butyl-2,2’-bipyridine and X = Cl
–
 or MeCN with a 

triflate counterion). We have compared this catalyst to Re(bipy)(CO)3Cl and others 

that vary only in the substitution in the 4,4’ positions of 2,2’-bipyridine by 

electrochemical means and have found that it outperforms them in both turnover 

frequency and turnover number.
10

 We also performed the infrared 

spectroelectrochemistry (IR-SEC) of the catalyst and identified the important species 

in the sequential reduction leading up to the active catalyst, [Re(bipy-tBu)(CO)3]
–1

 [1] 

(see Chapter 2 of this dissertation).  

Recently we reported the stopped-flow kinetics of [1] with CO2 and Brönsted 

acids (CF3CH2OH, CH3OH and H2O) by UV-Vis in order to gain a better 
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understanding of its astonishing selectivity for CO2 over protons (H
+
).

11
 While we 

were able to study the reacion kinetics between substrates, we were unable to shed 

light on one of the most important mysteries surrounding this catalyst: what are the 

intermediates in the catalytic mechanism? The presence of strong infrared-absorbing 

CO ligands and the previous detailed IR-SEC data make stopped-flow IR a perfect 

method for elucidation of mechanistic intermediates and comparison of reaction rates 

between catalysts. 

Here we discuss a stopped-flow IR investigation of the kinetics of the reaction 

between CO2 and two active catalyst species, [Re(bipy-tBu)(CO)3]
–1

 and 

[Re(bipy)(CO)3]
–1

. A kinetic comparison between the two catalysts, as well as a CO2 

concentration study are reported. 

 

4.2 Results and discussion 

  Two active catalyst species, [Re(bipy-tBu)(CO)3]
–1

 [1] and [Re(bipy)(CO)3]
–1

 

[2], were prepared in solution (THF, 5 mM) in a dry box under an inert atmosphere 

using previously reported methods.
11

 In a typical experiment, a solution of [1] or [2], a 

solution of ca. 0.1 M CO2 in THF, and blank THF were loaded into three syringes of a 

stopped-flow instrument with multiple mixing capabilities (mixing schematic shown 

in Figure 4-1). In order to control the final concentration of CO2 in the infrared (IR) 

observation head, the CO2/THF solution was mixed with pure THF before final 

mixing with the Re anion solutions. This pre-mixing of the CO2 solution allowed for 

control of the final CO2 concentration from 5-100 mM. Because the original 

concentration of CO2 was not known precisely, the absorbance of the CO2 peak at 
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each mixing shot of the stopped-flow, along with the extinction coefficient for CO2 in 

the IR,
12

 was used to calculate the concentration of CO2 present for reaction with the 

active Re complexes. We also independently verified the extinction coefficient using 

the stopped-flow mixing technique and obtained a number that was in good agreement 

with the previous report.  

The IR spectrum of [1] has two strong ν(CO) stretches at 1940 and 1832 cm
–1

 

and [2] has a very similar IR spectrum, with ν(CO) stretches at 1940 and 1840 cm
–1

. 

These active species can react with CO2, yielding an IR spectrum that resembles those 

of the starting materials, Re(bipy-tBu)(CO)3Cl or Re(bipy)(CO)3Cl. Those spectra 

have one high energy ν(CO) stretch (A1) at ca. 2020 cm
–1

 and two overlapping 

stretches (split E) at ca. 1915 and 1900 cm
–1

. In the previous IR-SEC studies of the 

 
 

Figure 4-1. Mixing schematic for a typical stopped flow IR experiment in this work. 
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two chloro compounds they displayed two singly-reduced species, one with the 

chloride still present in the sixth coordination position (2005, 1895 and 1880 cm
–1

), 

and one where the chloride had been liberated, yielding the five-coordinate, neutral 

complex (1980, 1865 and 1850 cm
–1

). We are interested not only in the reaction 

kinetics of [1] and [2] with CO2, but also with the method of reaction. For example, 

does the reaction with CO2 go through a process involving two, one-electron steps? 

Or, is the reaction a concerted oxidative addition to the rhenium center? 

In the reactions of [1] and [2] with CO2 we observed only the fully reduced and 

fully oxidized species, with no appreciable formation of singly oxidized intermediates. 

This could be a result of two-electron oxidative addition to the metal center, but it 

could also be due to inadequate time resolution in the rapid scan IR experiment. Step 

scan experiments
13-15

 may be able to answer this question, but until they can be 

completed to gain time resolution, we are classifying the reaction of CO2 with [1] and 

[2] as a concerted oxidative addition yielding Re
+1
–CO2

-2
. 

Kinetic analysis was performed for both complexes at various CO2 

concentrations in order to compare the reaction rates against each other as well as to 

establish a reaction order in CO2. At equal concentrations of both Re-anion and CO2, 

[1] reacts ten times faster than [2]. This difference is slightly smaller than calculated 

between the two catalysts by cyclic voltammetry under an atmosphere of CO2 in 

acetonitrile (13 times faster for [1] than for [2]), but is should be noted that this rate 

only represents the initial reaction with CO2 and not the full catalytic cycle as the 

electrochemical studies do. We have established in a previous report that proton 
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transfer to the activated CO2 molecule is likely part of the rate limiting step.
11

 That 

observation leads to the hypothesis that, besides being ten times faster in initial 

reaction with CO2, the bipy-tBu analog is also superior in its ability to draw 

advantageous protons from solution to complete the catalytic transformation.    

Further kinetic analysis shows that the disappearance of the low energy ν(CO) 

stretch fits second order exponential decay and scales with CO2 concentration. The 

second order decay is reasonable for these reactions because the [CO2] ranges from 5-

25 times that of the Re complex (Figure 4-2). In the previous study using stopped flow 

UV-Vis, pseudo first order kinetics were assumed because the CO2 concentration was 

>1500 times that of the Re anion (100 mM vs. 0.06 mM). For complex [1], the rate is 

1400 M
–1

s
–1

 at 30 mM CO2 (t1/2 ~ 20 ms), and for [2], the rate is 140 M
–1

s
–1

 at 30 mM 

CO2 (t1/2 ~ 200 ms). Figure 4-3 shows a side-by-side comparison between [1] and [2]. 

The increase in reaction rates for both [1] and [2] can be seen qualitatively in Figures 

4-4 and 4-5, respectively (see Appendix). The second-order reaction rates and half-

lives for all the concentrations of CO2 studied can be found in Tables 4-1 and  4-2, for 

[1] and [2] respectively (see Appendix).   

It is clear by visual inspection that the reaction of [1] with CO2 is much faster 

than the reaction of [2] at similar CO2 concentration. We can also visualize the 

dependence of the reaction rate on [CO2] by plotting the decay of the ν(CO) band at 

 
 

Figure 4-2. Second-order reaction of Re
–1

 with CO2 and rate law for the reaction. 
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1832 cm
–1

 for [1] at various CO2 concentrations. This enables a qualitative comparison 

of the rate and half-life of the reaction (Figure 4-6 in Appendix).  

 

 
 

Figure 4-3. A.) Reaction of 2.5 mM [Re(bipy-tBu)(CO)3]
–1

 [1] with 30 mM CO2 showing the decay 

of the lowest energy ν(CO) band at 1832 cm
–1

. B.) Reaction of 2.5 mM [Re(bipy)(CO)3]
–1

 [2] with 

30 mM CO2 showing the decay of the lowest energy ν(CO) band at 1840 cm
–1

. C.) Topographical 

view of the reaction of [1] with 30 mM CO2. D.) Topographical view of the reaction of [2] with 30 

mM CO2. 
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4.3 Conclusions 

Through the use of rapid scan FT-IR and stopped flow mixing we were able to 

further elucidate the kinetics and mechanism of the reaction between two Re
–1

 

complexes and CO2. [Re(bipy-tBu)(CO)3]
–1

 reacts considerably faster than 

[Re(bipy)(CO)3]
–1

 (~10 fold) at similar CO2 concentrations, but both reactions yield an 

IR spectrum that looks very much like a Re
+1

bipy
0
 complex, similar to the starting 

Re(bipy-R)(CO)3Cl complexes. We were not able to observe any intermediates on this 

timescale during the reaction, leading us to believe that the reaction proceeds by a 

concerted, two-electron oxidative addition of CO2 to the metal center. The growth of a 

peak at ca. 1620 cm
–1

 as the reaction proceeds could be a CO2 adduct, but further 

experimentation is necessary to confirm this assignment.  

   

4.4 Experimental 

General Considerations. [Re(bipy-tBu)(CO)3]
–1

 [1] and [Re(bipy)(CO)3]
–1

 [2] were 

prepared by previously reported methods.
10, 11

 Anhydrous THF (>99 %, inhibitor-free) 

was stored over activated 3 Å molecular sieves and was used as the solvent for all 

experiments. CO2 solutions of THF were prepared by sparging the solvent with dry 

CO2 for 15 minutes, followed by 1:1 dilution of the saturated solution (ca. 0.2 M) with 

pure THF. 

 

Stopped-flow Infrared Spectroscopy. A Biologic SFM-400 stopped-flow apparatus 

with four syringes and multiple mixing capabilities was used for rapid mixing with a 
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custom-made Biologic IR observation head (Mixing schematic in Figure 4-1 above). 

In a typical experiment, syringe 4 was filled with 5 mM [1] or [2], syringe 3 with a 

THF solution with 0.1 M CO2, and syringes 1 and 2 with pure THF.  

The observation head and stopped flow apparatus were separated by an 

umbilical of approximately 18 inches that allowed for conformational flexibility. The 

observation head contains two capillary ports, an inlet and outlet, allowing for flow of 

substrates through the small-volume mixing chamber created by a 0.2 mm PTFE 

spacer between two calcium fluoride (CaF) windows. A schematic of the observation 

head can be found in Figure 4-7 (see Appendix). No “hard stop” was used in these 

experiments, but a 10 mL syringe was attached to the waste port on the observation 

head to provide some resistance for mixing.  

Rapid scan infrared transmission spectra were collected using a Bruker Vertex 

80v equipped with a liquid nitrogen cooled MCT detector and a 4000 cm
-1

 low-pass 

filter. During measurement, the interferometer compartment was evacuated and the 

sample compartment was purged with dry nitrogen. In order to obtain quantitative 

kinetic data, stopped flow mixing was synchronized to the forward motion of the 

traveling mirror of the interferometer. The output trigger of the Bruker spectrometer, 

which signals the start of the forward mirror motion, was input to a BNC Model 575 

Pulsedelay Generator that was programmed to account for the delayed response of the 

Biologic Stopped Flow mixing unit, the total time of the pushing phase, and the period 

of oscillation of the traveling mirror of the interferometer. The shot-to-shot jitter was 

determined to be approximately ± 2 ms by monitoring all synchronization pulses with 
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a Tektronix DPO 4054 Digital Phosphor Oscilloscope. After splitting interferograms, 

this method provided a full spectrum approximately every 11.5 ms at 8 cm
–1

 resolution 

and every 17 ms at 4 cm
–1

 resolution. Data was collected and manipulated using 

OPUS 6.5, second-order kinetics were fit in Microsoft Excel, and the decay plots for 

specific energy stretches were constructed in Origin 6.0. 

 

Kinetic analysis. Second-order kinetics were fit by plotting the decay of the lowest 

energy ν(CO) stretch at 1832 cm
–1

 for [1] and 1840 cm
–1

 for [2] versus time. The 

absorbance values at each time point were converted to Re concentration using the 

initial concentration and it’s absorbance as a guidepost. Plotting 1/[Re] versus time 

gave linear plots through the first three half-lives of the reaction and the slope of the 

plots gave rates in units of M
–1

s
–1

 for each complex at each CO2 concentration.
16

    

 

 

Note: The material in this chapter is unpublished work and was performed in 

collaboration with Eric E. Benson, Ian D. Sharp, and Heinz Frei at the JCAP 

Laboratory facilities in Berkeley, CA.  
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4.6 Appendix 

 

 

Figure 4-4. Stopped-flow IR traces for 2.5 mM Re(bipy-tBu)(CO)3Cl [1] at 15, 30 and 45 mM CO2. All 

reactions are shown for 8 seconds after mixing for direct comparison and the decay of the lowest energy 

ν(CO) band at 1832 cm
–1

 is shown. 
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Figure 4-5. Stopped-flow IR traces for 2.5 mM Re(bipy)(CO)3Cl [2] at 30, 50 and 60 mM CO2. All 

reactions are shown for 8 seconds after mixing for direct comparison and the decay of the lowest energy 

ν(CO) band at 1840 cm
–1

 is shown. 
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Table 4-1. Second-order rates and half-lives for the reaction of [1] with various concentrations of CO2 

in the stopped-flow IR experiments as followed by the decay of the ν(CO) stretch at 1832 cm
–1

. 

 

[CO2] (mM) Rate at 2.5 mM [Re(bipy-tBu)(CO)3]
–1

  

(M
–1

s
–1

) 

14 380 

21 640 

31 1400 

43 2600 

48 3350 

52 4900 

 

 

 

 

 
Table 4-2. Second-order rates and half-lives for the reaction of [2] with various concentrations of CO2 

in the stopped-flow IR experiments as followed by the decay of the ν(CO) stretch at 1840 cm
–1

. 
 

[CO2] (mM) Rate at 2.5 mM [Re(bipy)(CO)3]
–1

  

(M
–1

s
–1

) 

3 10 

32 140 

48 230 

64 460 
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Figure 4-6. Decay of the lowest energy ν(CO) band at 1832 cm
–1

 over time for the reaction of 2.5 mM 

[Re(bipy-tBu)(CO)3]
–1

 with various concentrations of CO2. 
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Figure 4-7. Schematic of flow through FTIR observation head for the Biologic SFM-400 stopped flow 

instrument.  
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Chapter 5 Chapter 5 

Chapter 5 

 

Mn(bipy-tBu)(CO)3Br as an earth-abundant alternative to 

rhenium. Electrocatalytic studies, X-ray crystallography 

and IR-SEC. 

 

5.1 Introduction 

One of the most challenging goals for current and future generations of 

chemists and engineers is the development of new technologies for the storage of 

electrical energy. Battery technology, pumped hydro, thermal storage, compressed air 

and hydrogen production are all frequently discussed as viable options for future 

energy storage.
1
 Another option is the production of liquid fuels from carbon dioxide 

(CO2) and water (H2O). The production and burning of these energy-dense fuels could 

provide a route to carbon neutral energy that would not only fit into existing 

infrastructure, but would also enable convenient storage and transport. Achieving this 

goal, though, will require technological advances in carbon dioxide capture 
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(concentration) and catalysis (activation). Many groups are currently working on the 

issue of carbon dioxide capture from the atmosphere, and advances in that field can be 

found in several reviews and government reports.
2-7

 

Second and third row transition metals have long been the gold standard for 

catalysis. Transition metals like platinum, palladium, rhodium, and iridium are, in 

many cases, far superior to their first row counterparts. This trend holds true for 

synthetic CO2 reduction catalysts. Some of the best reported CO2 electrocatalysts to 

date are based on Pd,
8-12

 Ru,
13

 Rh
14

 and Re.
15-18

 In the past, our group has studied 

catalysts based on the Re(bipy-R2)(CO)3(L) scaffold, where bipy-R2 is a 4,4’-

disubstituded-2,2’-bipyridine and L is either a halide (Cl
–
 or Br

–
) or a solvent molecule 

accompanied by triflate as a non-coordinating counterion.
16, 17, 19, 20

 Having learned 

much about the mechanism for the Re scaffold, we were interested in studying the 

effects of changing the metal center to its first row counterpart, manganese. 

Manganese is 1.3 million times more abundant in the Earth’s crust than rhenium, at 

950 mg Mn/kg crust versus only 7 x 10
–4

 mg Re/kg crust.
21

 This fact becomes 

important when considering not only the cost of scale up, but also the environmental 

ramifications of mining large quantities of raw material.  

In 2011, Deronzier and co-workers discovered that Mn(bipy)(CO)3Br and 

Mn(dmb)(CO)3Br (where bipy = 2,2’-bipyridine and dmb = 4,4’-dimethyl-2,2’-

bipyridine) were able to reduce CO2 to CO with excellent efficiencies, selectivities, 

and stabilities when water was present in the electrochemical solution.
22

 The Mn 

complexes are, however, inactive towards CO2 reduction without the addition of an 
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external proton source. Compared to their Re counterparts, the Mn catalysts had the 

advantages of being more Earth-abundant and running at lower overpotentials, but 

suffered from lower current densities and lower stabilities, as observed during bulk 

electrolysis. 

Herein we describe the synthesis, electrocatalysis, infrared 

spectroelectrochemistry, and X-ray crystallography of modified manganese catalysts. 

Mn(bipy-tBu)(CO)3Br and Mn(bipy-tBu)(CO)3(MeCN)(OTf) (where bipy-tBu = 4,4’-

di-tert-butyl-2,2’-bipyridine and OTf = CF3SO3
–
) were fully characterized and showed 

increased catalytic activity over both Mn(bipy)(CO)3Br and Mn(dmb)(CO)3Br. 

Notably, their catalytic activity also rivals that of their rhenium counterparts. 

 

5.2 Results and discussion 

Synthesis and characterization. Synthesis of Mn(bipy-tBu)(CO)3Br (1) was 

performed analogously to a previously reported procedure.
23

 The product was 

characterized by 
1
H NMR, FTIR, elemental analysis and X-ray crystallography (see 

Experimental section below). It was noted that the 
1
H NMR spectrum of 1 displays 

broadening, and the usual aromatic splitting patterns are not resolved. This was in 

contrast to the related Re(bipy-tBu)(CO)3Cl complex where splitting was observed in 

the aromatic peaks. Mn(bipy-tBu)(CO)3(MeCN)(OTf) (2) was synthesized from 1 by 

reflux with AgOTf in acetonitrile and characterized by 
1
H NMR, FTIR, elemental 

analysis and X-ray crystallography (see below).   
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Electrochemical experiments. Electrochemical experiments were undertaken to 

evaluate the electrocatalytic properties of 1 and 2. The electrochemistry of 1 in dry 

acetonitrile under an atmosphere of argon is very similar to the previously reported 

electrochemistry of Mn(bipy)(CO)3Br and Mn(dmb)(CO)3Br and is displayed in 

Figure 5-1.
22

 The cyclic voltammogram (CV) consists of two irreversible, one-electron 

reduction waves. The first wave, at –1.39 V vs. SCE, is bipyridine-based and the 

second reduction, at –1.57 V vs. SCE, is metal-based. The second reduction of the 

catalyst leads to the catalytically active [Mn(bipy-tBu)(CO)3]
–
 anion. A large 

oxidation wave is observed in the CV of this compound at –0.30 V vs. SCE. This 

wave is attributed to the oxidative breaking of the Mn–Mn dimer formed upon the first 

reduction of the complex.
22

 The electrochemistry of 2 is nearly identical to that of 1, 

but the first reduction is ca. 50 mV more positive. Both complexes 1 and 2 are freely 

 
 

Figure 5-1. Cyclic voltammogram of 1 mM Mn(bipy-tBu)(CO)3Br in acetonitrile under an 

atmosphere of argon. Electrochemical conditions were 0.1 M TBAH as supporting electrolyte, 1 

mm diameter glassy carbon working electrode, Pt wire counter electrode, and Ag wire reference 

electrode separated from the bulk solution by a Vycor thirsty glass tip. 
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diffusing in solution according to the Randles–Sevcik equation (Figure 5-2).
24 

It is useful to compare the electrochemistry of complex 1 to that of the closely 

related Re(bipy-tBu)(CO)3Cl that we have reported previously.
17

 The Re complex also 

exhibits two single electron reductions. The first reduction of the Re complex is 

 
 

Figure 5-2. A.) Cyclic voltammogram scan rate dependence of 1 mM Mn(bipy-tBu)(CO)3Br under 

an atmosphere of argon in acetonitrile. Electrochemical conditions were 0.1 M TBAH as supporting 

electrolyte, 1 mm diameter glassy carbon working electrode, Pt wire counter electrode, and Ag wire 

reference electrode separated from the bulk solution by a Vycor thirsty glass tip. B.) Plot showing 

that the current is directly proportional to concentration and increases with the square root of the 

scan rate. This behavior is indicative of a freely diffusing species where the electrode reaction is 

controlled by mass transport. 
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reversible when the scan is stopped before reaching the second, but quasi-reversible 

when scanned to the second reduction. The first reduction of the Mn complex, 

however, is irreversible regardless of the switching potential or the scan rate up to 12 

V/s, indicating that bromide loss upon first reduction is rapid. Another major 

difference is in the large oxidation peak at –0.30 V vs. SCE in the Mn complexes that 

is not present in either Re(bipy-R2)(CO)3X complexes or in Re(bipy-

tBu)(CO)3(L)(OTf) (where L = MeCN or pyridine). This difference reflects the 

enhanced dimerization of Mn complexes upon single reduction when compared to Re 

complexes. The two reductions of complex 1 are closer in potential to each other than 

those of the Re analog. The two reductions of 1 are separated by only 180 mV, while 

the two reductions of Re(bipy-R2)(CO)3X complexes (where R = H, Me, tBu, or OMe 

and X = Cl
–
 or Br

–
) are separated by 300–400 mV, depending on bipyridine 

substitution. The other important difference between the Mn and Re complexes is the 

potential of the second reduction. The 260 mV anodic shift of the second reduction for 

the Mn complex compared to the Re complex represents a significant decrease in 

overpotential for the reduction of CO2 to CO. This shift in potential may also be the 

reason why added proton sources are required for catalytic turnover to occur, a 

phenomenon not observed for Re complexes and one that will be discussed further in 

the conclusions. 

The electrocatalytic properties of 1 were studied in a custom-made, two-

compartment, air-tight cell with a glassy carbon working electrode, Pt counter 

electrode, and a Ag wire reference electrode separated from the main compartment by 
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a Vycor tip. A 10 minute sparge of the acetonitrile solution with “bone dry” carbon 

dioxide yielded a gas-saturated solution (ca. 0.25 M). The electrochemistry of 1 did 

not change significantly under CO2 in dry acetonitrile. Addition of weak Brönsted 

acids (water, methanol, or trifluoroethanol), however, results in an increase in the 

current at the second reduction potential, representing catalytic current for the 

reduction of CO2 to CO. This increase in current can be seen in Figure 5-3 (methanol 

addition) and Figures 5-4 and 5-5 (addition of water and TFE, respectively). 

Addition of water to a 1 mM solution of 1 under CO2 results in a catalytic 

current of nearly 6 mA/cm
2
 before plateauing and eventually dropping with addition 

of more H2O. The maximum catalytic current is obtained at a water concentration of 

2.65 M H2O (ca. 5% by volume). The shape of the reduction waves before the 

 
Figure 5-3. Linear scan voltammograms showing the electrocatalytic reduction of CO2 to CO by 1 

mM Mn(bipy-tBu)(CO)3Br in acetonitrile with addition of MeOH. Solution is under an atmosphere 

of, and saturated with (ca. 0.25 M) carbon dioxide. Electrochemical conditions were 0.1 M TBAH 

as supporting electrolyte, 1 mm diameter glassy carbon working electrode, Pt wire counter 

electrode, and Ag wire reference electrode separated from the bulk solution by a Vycor tip. 
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catalytic wave change significantly upon water addition and increase in absolute 

current density, but this does not correspond to the production of H2 (see below). The 

addition of stronger Brönsted acids leads to higher current densities in the CVs of 1 

under CO2. CVs with added methanol reach 9.5 mA/cm
2
 at 5.7 M methanol and 1 mM 

catalyst. CVs with added trifluoroethanol (TFE) reach 16 mA/cm
2
 at 1.25 M TFE and 

1 mM catalyst, and 47 mA/cm
2
 at 5 mM catalyst. Catalytic current scales linearly with 

catalyst concentration up to approximately 3 mM under an atmosphere of CO2 with 

0.86 M TFE added. The high current densities in the cyclic voltammograms of both 1 

and 2 under CO2 with added Brönsted acids rival those of Re complexes. This is an 

exciting finding given the increased abundance of Mn vs. Re and the decreased 

overpotential for the Mn catalysts. 

 
Figure 5-4. Linear scan voltammograms showing the electrocatalytic reduction of CO2 to CO by 1 

mM Mn(bipy-tBu)(CO)3Br in acetonitrile with addition of water. Solution is under an atmosphere 

of, and saturated with (ca. 0.25 M) carbon dioxide. Electrochemical conditions were 0.1 M TBAH 

as supporting electrolyte, 1 mm diameter glassy carbon working electrode, Pt wire counter 

electrode, and Ag wire reference electrode separated from the bulk solution by a Vycor tip. 
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Bulk electrolysis monitored by gas chromatography indicates that no hydrogen 

is formed and a Faradaic efficiency of 100 ± 10 % is achieved for the formation of CO 

from CO2 at 5 mM catalyst with water, methanol, or TFE (TFE example data in Figure 

5-6). The catalyst is able to sustain current densities as high as 10 mA/cm
2
 with added 

TFE for a period of more than three hours with very little loss of activity (ca. 15% 

over the first 10 minutes, followed by stable current over the next three hours). At 

lower catalyst concentration (1 mM), the catalyst was unable to sustain high current 

density during bulk electrolysis. The current density for bulk electrolysis in a stirred 

solution diminished to nearly zero in only 30-40 minutes. If bulk electrolysis is 

stopped, the solution is re-sparged and the electrode is cleaned, however, the catalytic 

current recovers to its starting point. This behavior was initially thought to be caused 

 
Figure 5-5. Linear scan voltammograms showing the electrocatalytic reduction of CO2 to CO by 1 

mM Mn(bipy-tBu)(CO)3Br in acetonitrile with addition of trifluoroethanol. Solution is under an 

atmosphere of, and saturated with (ca. 0.25 M) carbon dioxide. Electrochemical conditions were 0.1 

M TBAH as supporting electrolyte, 1 mm diameter glassy carbon working electrode, Pt wire 

counter electrode, and Ag wire reference electrode separated from the bulk solution by a Vycor tip. 
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by the formation of stable dimers or some other chemical species on the surface of the 

electrode, but data for 5 mM solutions of catalyst is inconsistent with that hypothesis. 

Experiments are ongoing in our laboratory to determine the reason for low catalytic 

current stability in lower concentration bulk electrolysis runs.  

 

X-ray crystallographic studies. Recently, we have had a great deal of success 

growing crystals of both the parent and anionic species of the Re complexes in our 

lab.
20

 X-ray quality crystals of complex 1 were grown from the vapor diffusion of 

pentane into a tetrahydrofuran solution of the complex (Figure 5-7). The crystal 

structure of the active catalytic species, [Mn(bipy-tBu)(CO)3]
–
[K(18-crown-6)]

+
 (3), 

was also obtained (Figures 5-8). Reduction of 1 by KC8 (2.1 equivalents) in the 

presence of 18-crown-6 afforded pure 3. 18-crown-6 was added as a stabilizing agent 

 
Figure 5-6. Production of CO from CO2 by 5 mM Mn(bipy-tBu)(CO)3Br during bulk electrolysis 

with 0.8 M TFE. The slope of 2 represents a Faradaic efficiency of 100 ± 10 %. Bulk electrolysis of 

this solution showed 15 % current loss over the first 10 minutes as is usual to reach steady state, but 

no significant degradation over a period of more than three hours after that. 
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as well as a buffer to inhibit potassium coordination to the carbonyls of the Mn 

complex. Crystals of the anion were grown from the vapor diffusion of pentane into 

THF and crystallized in the space group P2(1)/n with two independent molecules in 

the unit cell.  Reduction of the compound results in the loss of the bromide, forming 

the five coordinate unsaturated complex. The geometry of one of the anionic 

molecules in the asymmetric unit cell (Z’ = 2) is somewhere between square 

pyramidal and trigonal bipyramidal with a 5 = 0.53. In this scale, a perfect square 

pyramid has a 5 = 0 and a perfect trigonal bipyramid has a 5 = 1.
25

 This structure is 

very similar to the structure of [Re(bipy-tBu)(CO)3]
–
[K(18-crown-6)]

+
, where the 

molecule is also five-coordinate and has a 5 = 0.46.
20

 Of the two molecules in the 

asymmetric unit cell for 3, one has a slight disorder in the rotation of the facial 

carbonyls, leading us to believe there is a shallow barrier for rotation between the 

square pyramid and the trigonal bipyramid. 

 
Figure 5-7. Molecular structure Mn(bipy-tBu)(CO)3Br, hydrogen atoms omitted for clarity. 

Showing one of two of the molecules in the asymmetric unit (Z=2), ellipsoids are set at the 50% 

probability level. 
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Infrared Spectroelectrochemistry. Infrared spectroelectrochemistry (IR-SEC) of 

complex 1 under both N2 and CO2 was performed to gain insight into the precursors of 

the active catalyst. Three major species were observed in the progression through both 

reductions of complex 1 and are shown in Figure 5-9. In its resting state, Complex 1 

has three characteristic ν(CO) stretches for facially coordinated tricarbonyl complexes 

at 2028, 1933 and 1923 cm
–1

. Upon one-electron reduction of the parent complex, 

complete formation of the Mn-Mn dimer, [Mn(bipy-tBu)(CO)3]2, is observed with no 

prior intermediates. This implies that loss of bromide, followed by dimerization, 

 
Figure 5-8. Molecular structure of [Mn(bipy-tBu)(CO)3][K(18-crown-6)(THF)], hydrogen atoms 

removed for clarity. Showing one of the two molecules in the asymmetric unit (Z=2). Ellipsoids are 

set at the 50% level. 
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occurs rapidly upon reduction. The ν(CO) for the dimer species are 1973, 1928, 1878 

and 1850 cm
–1

. These ν(CO) peaks match well with those previously reported for both 

[Mn(bipy)(CO)3]2 and [Re(bipy)(CO)3]2.
26, 27

 Upon further reduction, a third species is 

formed with strong ν(CO) stretches at 1907 and 1807 cm
–1

. This is indicative of the  

[Mn(bipy-tBu)(CO)3]
–
 anionic species that acts as the active catalyst for CO2 

reduction. The stretches also correlate well with the [Mn(bipy-tBu)(CO)3]
–
[K

+
(18-

crown-6)] species produced by the chemical reduction of 1 using KC8 (1905 and 1805 

cm
–1

). It is interesting, though, that these stretches are shifted 40 cm
–1

 lower in energy 

when compared to the equivalent stretches for [Re(bipy-tBu)(CO)3]
–
 reported 

previously.
17

 Bond alternation in the bipyridine ring,
28

 along with ADF calculations, 

indicate that significant electron density still resides on the bipyridine ring for 

complex 3, but the very low energy CO stretching frequencies indicate that M-CO 

back bonding has been significantly increased as compared to the analogous Re 

complex. It is also noted that there is significant overlap between species in this IR-

SEC due to the small separation in reduction potentials.  

 IR-SEC studies of complex 1 in CO2-saturated acetonitrile are, admittedly, 

somewhat convoluted. Reduction of the complex at a potential at (or negative of) the 

second reduction potential leads to a spectrum with a large mixture of stretches 

indicative of all three species seen in the IR-SEC under N2. Interestingly, though, two 

new peaks arise at 1687 and 1653 cm
–1

 as the potential is held negative of the second 

reduction. The new stretches indicate that, in this dry acetonitrile solution, the 

Mn anion binds CO2 and is unable to turnover, stopping at the Mn-CO2 adduct. 
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The same two ν(CO) stretches are observed under 
13

CO2, but are shifted 40 cm
–

1
 as is expected based on the harmonic oscillator model. 

 

5.3 Conclusions and future work 

We have described an earth-abundant metal complex, Mn(bipy-tBu)(CO)3Br 

(1), which acts as a robust, selective and efficient catalyst for the reduction of CO2 to 

CO. The addition of Brönsted acid is necessary for catalyst turnover in the Mn system, 

unlike in the analogous Re system. This difference may be due to the anodic shift of 

260 mV for the second reduction of 1 compared to Re(bipy-tBu)(CO)3Cl. The 

decrease in potential may act to decrease the basicity of the bound CO2, rendering it 

ineffective at extracting protons from solvent or electrolyte to turn over. Three 

 
Figure 5-9. Three species are observed in the IR-SEC of complex 1 under an atmosphere of N2. The 

rest species (black) has three characteristic ν(CO) stretches at 2028, 1933 and 1923 cm
–1

. The singly 

reduced species (red) forms dimer rapidly and completely upon reduction and has ν(CO) stretches at 

1973, 1928, 1878 and 1850 cm
–1

. Finally, the doubly reduced species (blue) has only two ν(CO) 

stretches at 1907 and 1807 cm
–1

, similar in shape to those of the closely related [Re(bipy-

tBu)(CO)3]
–
, but red shifted 40 cm

–1
. 
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different weak acids were used (water, methanol and trifluoroethanol) and catalytic 

current increased in cyclic voltammograms as the acid strength is increased. We were 

able to characterize both complex 1 and the active catalyst, [Mn(bipy-tBu)(CO)3]
–
 (3), 

by X-ray crystallography. The crystal structure of 3 is nearly identical to that of 

[Re(bipy-tBu)(CO)3]
–
 in geometry as well as in the DFT-calculated electronic 

structure. The exception to this similarity lies in the 40 cm
–1

 shift to lower energy for 

both bands in the IR of 3. Infrared spectroelectrochemistry of complex 1 under 

nitrogen showed three distinct species. The first is the parent complex at rest, the 

second is Mn-Mn dimer formed by the first reduction and the immediate loss of 

bromide, and the third is the anionic species that serves as the active catalyst for CO2 

reduction. The same experiment under CO2 yields a mixture of species upon second 

reduction with two new peaks appearing in the region expected for a metal-bound 

CO2.  

This class of carbon dioxide reduction electrocatalyst is exciting moving 

forward not only because of its ability to reduce CO2 to CO at lower overpotentials 

than its Re counterpart, but also because of its earth-abundance. Further experiments 

are currently being undertaken in our lab to attach these catalysts to surfaces in hopes 

of maintaining catalytic activity while increasing catalyst longevity. 

 

5.4 Experimental       

General Experimental Procedures. NMR spectra were recorded on a Jeol 500 MHz 

spectrometer at 298 K and data was manipulated using Jeol Delta software. 
1
H 
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chemical shifts are reported relative to solvent residual peaks. Infrared spectra were 

collected on a Thermo Scientific Nicolet 6700. Microanalyses were performed by 

Midwest Microlab, LLC (Indianapolis, IN) for C, H, and N. 

 

Syntheses. Manipulations were performed under an atmosphere of argon in the dark. 

Solvents were sparged with argon, dried on a custom dry solvent system over alumina 

columns and stored over sieves before use. Potassium graphite (KC8) was prepared by 

literature methods and stored at –30 °C in the dry box.
29

 Tetrabutylammonium 

hexafluorophosphate (TBAH, Aldrich, 98%) was twice recrystallized from methanol 

and dried under vacuum at 90 °C overnight before use. 18-crown-6 was recrystallized 

from acetonitrile and dried under vacuum at 90 °C overnight before use. Other 

reagents were used as received from the following: Mn(CO)5Br (Strem Chemical, 

98%), 4,4’-di-tert-butyl-2,2’-bipyridine (Aldrich) and silver trifluoromethanesulfonate 

(AgOTf, Aldrich, 98%). 

 

Synthesis of Mn(4,4’-di-tert-butyl-2,2’-bipyridine)(CO)3Br. Mn(CO)5Br (500 mg, 

1.82 mmol) was added to an argon-sparged Schlenk flask with 50 ml Et2O. 4,4’-di-

tert-butyl-2,2’-bipyridine (494 mg, 1.84 mmol) was added to the mixture and the 

reaction was brought to reflux. The mixture quickly turned from colorless to orange 

after reflux began and product began crashing out of solution after 30-40 minutes. The 

reaction mixture was removed from heat after one hour and submerged in a –80 °C 

acetone/dry ice bath. After 30 minutes in the cold bath, the reaction mixture was 
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removed and the yellow solid was filtered and dried under vacuum at 90 °C overnight. 

The yield of Mn(bipy-tBu)(CO)3Br was 601 mg (67%). 
1
H NMR (CDCl3): δ 1.43 (br, 

18 H, tBu), δ 7.50 (br, 2 H, 5 and 5’ H’s), δ 8.03 (br, 2 H, 6 and 6’ H’s), δ 9.13 (br, 2 

H, 3 and 3’ H’s). IR (CH3CN) ν(CO): 2028 cm
–1

, 1933 cm
–1

, 1923 cm
–1

. Anal. Calcd 

for 1, C21H24BrMnN2O3: C, 51.76; H, 4.96; N, 5.75. Found: C, 51.80; H, 4.95; N, 

5.69. 

 

Synthesis of [Mn(4,4’-di-tert-butyl-2,2’-bipyridine)(CO)3(MeCN)](OTf). Complex 

1 (400 mg, 0.82 mmol) was mixed with silver trifluoromethanesulfonate (AgOTf, 290 

mg, 1.13 mmol) in a 50 ml Schlenk flask with 35 ml acetonitrile (MeCN) in the glove 

box. The reaction flask was brought out of the box, covered with foil (to avoid 

exposure to light), and heated to reflux overnight. The reaction mixture was orange 

during reflux and had a black/brown solid at the bottom (most likely AgBr). After 18 

hours of reflux the heat was removed and the solid was filtered from the orange 

solution. Solvent was removed by rotary evaporation, yielding a yellow/orange solid. 

The product was purified by running through a neutral alumina plug in MeCN to 

eliminate manganese and silver impurities yielding pure product. The final yield of 

pure product was 340 mg (69 % yield). 
1
H NMR (CDCl3): δ 1.45 (br, 18 H, tBu), δ 

2.36 (br, 3 H, bound MeCN), δ 7.58 (br, 2 H, bipy), δ 8.03 (br, 2 H, bipy), δ 9.13 (br, 2 

H, bipy). IR (CH3CN) ν(CO): 2047 cm
–1

, 1958 cm
–1

 (br). Anal. Calcd for 1, 

C24H27F3MnN3O6S: C, 48.24; H, 4.55; N, 7.03. Found: C, 48.77; H, 4.60; N, 6.77.    
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Electrochemistry. Electrochemical experiments were performed using a BAS Epsilon 

potentiostat. A two compartment cell was used for all cyclic voltammetry experiments 

with a glassy carbon electrode (1 mm in diameter from BASi), a Pt wire counter 

electrode, and an Ag/AgCl reference electrode separated from the solution by a Vycor 

tip. Fc/Fc
+
 was added as an internal reference. All electrochemical experiments were 

performed with 0.1 M tetrabutylammonium hexafluorophosphate (TBAH) as the 

supporting electrolyte. All solutions were purged with argon or CO2 before CVs were 

taken. Mn complex concentrations ranged from 0.1–5.0 mM and experiments with 

CO2 were performed at gas saturation (~0.25 M) in acetonitrile.  

   

Bulk electrolysis. Bulk electrolysis experiments were carried out in a two 

compartment cell designed in our laboratory and described below. The setup included 

a 3 mm glassy carbon working electrode, a platinum wire counter electrode, and an 

Ag/AgCl reference electrode separated from the solution by a Vycor tip. A BAS 

Epsilon potentiostat was used to apply potential and record current. The bulk 

reductions were carried out in a CH3CN with various amounts of added Brönsted acids 

and 0.1 M TBAH. The bulk electrolysis solution was purged with CO2 for 10 minutes 

prior to electrolysis. Gas analysis for bulk electrolysis experiments were performed 

using one ml sample injection volume on a Hewlett Packard 7890A Series gas 

chromatograph with two molsieve columns (30 m x 0.53 mm ID x 25 μm film). The 

one ml injection was split to two columns, one with N2 as the carrier gas and one with 

He carrier gas, in order to quantify both CO and H2 simultaneously in each run. 
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Infrared Spectroelectrochemistry (IR-SEC). The design of the IR 

spectroelectrochemical cell used for the manganese catalyst studies has been reported 

previously by our group.
30

 IR spectral changes accompanying thin-layer bulk 

electrolyses were measured using a flow-through spectroelectrochemical cell. All 

spectroelectrochemical experiments were carried out in a 0.1 M TBAH solution using 

acetonitrile and all solutions were prepared under an atmosphere of dry nitrogen in a 

glove box. Blank acetonitrile solutions with 0.1 M TBAH were used for the FTIR 

solvent subtractions. A Pine Instrument Company Model AFCBP1 bipotentiostat was 

used to affect and monitor thin layer bulk electrolysis. The IR spectra were acquired 

using a Bruker Equinox 55 spectrometer. For the CO2 experiments, CO2 was bubbled 

through the catalyst solution for 10 minutes prior to injection into the SEC cell. 

 

X-ray crystallographic studies. The single crystal X-ray diffraction studies were 

carried out on a Bruker Kappa APEX-II CCD diffractometer equipped with Mo Kα 

radiation (λ = 0.71073 Å) or a Bruker Kappa APEX CCD diffractometer equipped 

with Cu Kα radiation (λ = 1.54184 Å).  The crystals were mounted on a Cryoloop with 

Paratone oil and data were collected under a nitrogen gas stream at 100(2) K using  

and  scans.  Data was integrated using the Bruker SAINT software program and 

scaled using the SADABS software program.  Solution by direct methods (SHELXS) 

produced a complete phasing model consistent with the proposed structure. All non-

hydrogen atoms were refined anisotropically by full-matrix least-squares (SHELXL-
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97).
31

  All hydrogen atoms were placed using a riding model.  Their positions were 

constrained relative to their parent atom using the appropriate HFIX command in 

SHELXL-97.  Crystallographic data are summarized in Table 5-1 in the appendix.  

 

 

Note: The material in this chapter is unpublished work and was performed in 

collaboration with Eric E. Benson and Matthew D. Sampson.  
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5.6 Appendix 

Table 5-1. Crystal data and structure refinement for Mn(bipy-tBu)(CO)3Br. 

___________________________________________________________________________________ 

 

Identification code  eb_111026mo_0m 

Empirical formula  C21 H24 Br Mn N2 O3 

Formula weight  487.27 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/n 

Unit cell dimensions a = 13.5528(5) Å = 90°. 

 b = 17.1546(6) Å = 96.8790(10)°. 

 c = 19.1899(6) Å  = 90°. 

Volume 4429.4(3) Å3 

Z 8 

Density (calculated) 1.461 Mg/m3 

Absorption coefficient 2.423 mm-1 

F(000) 1984 

Crystal size 0.10 x 0.05 x 0.05 mm3 

Theta range for data collection 2.11 to 31.78°. 

Index ranges -19<=h<=19, -25<=k<=23, -22<=l<=28 

Reflections collected 45311 

Independent reflections 13529 [R(int) = 0.0384] 

Completeness to theta = 25.00° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8885 and 0.7937 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13529 / 0 / 517 

Goodness-of-fit on F2 1.079 

Final R indices [I>2sigma(I)] R1 = 0.0407, wR2 = 0.1031 

R indices (all data) R1 = 0.0617, wR2 = 0.1103 

Largest diff. peak and hole 0.866 and -0.716 e.Å-3 

________________________________________________________________________________ 
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Table 5-2. Bond lengths [Å] and angles [°] for  Mn(bipy-tBu)(CO)3Br. 

___________________________________________________________________________________ 

 

Br(1)-Mn(1)  2.5101(5) 

Br(2)-Mn(2)  2.5234(5) 

Mn(1)-C(3)  1.806(3) 

Mn(1)-C(2)  1.813(3) 

Mn(1)-C(1)  1.848(3) 

Mn(1)-N(2)  2.040(2) 

Mn(1)-N(1)  2.045(2) 

Mn(2)-C(23)  1.810(3) 

Mn(2)-C(24)  1.815(3) 

Mn(2)-C(22)  1.848(3) 

Mn(2)-N(4)  2.038(2) 

Mn(2)-N(3)  2.046(2) 

O(1)-C(1)  1.091(3) 

O(2)-C(2)  1.144(3) 

O(3)-C(3)  1.141(3) 

O(4)-C(22)  1.082(3) 

O(5)-C(23)  1.147(3) 

O(6)-C(24)  1.145(3) 

N(1)-C(4)  1.344(3) 

N(1)-C(8)  1.349(3) 

N(2)-C(13)  1.343(3) 

N(2)-C(9)  1.357(3) 

N(3)-C(25)  1.344(3) 

N(3)-C(29)  1.351(3) 

N(4)-C(34)  1.342(3) 

N(4)-C(30)  1.349(3) 

C(4)-C(5)  1.386(3) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.397(4) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.394(3) 

C(6)-C(14)  1.531(3) 

C(7)-C(8)  1.397(3) 

C(7)-H(7)  0.9500 

C(8)-C(9)  1.480(3) 

C(9)-C(10)  1.388(3) 

C(10)-C(11)  1.394(3) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.395(3) 

C(11)-C(18)  1.526(3) 

C(12)-C(13)  1.378(4) 

C(12)-H(12)  0.9500 

C(13)-H(13)  0.9500 

C(14)-C(17)  1.530(4) 

C(14)-C(16)  1.534(4) 

C(14)-C(15)  1.536(4) 

C(15)-H(15A)  0.9800 

C(15)-H(15B)  0.9800 

C(15)-H(15C)  0.9800 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 



161 

  

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(18)-C(19)  1.533(4) 

C(18)-C(21)  1.536(4) 

C(18)-C(20)  1.536(4) 

C(19)-H(19A)  0.9800 

C(19)-H(19B)  0.9800 

C(19)-H(19C)  0.9800 

C(20)-H(20A)  0.9800 

C(20)-H(20B)  0.9800 

C(20)-H(20C)  0.9800 

C(21)-H(21A)  0.9800 

C(21)-H(21B)  0.9800 

C(21)-H(21C)  0.9800 

C(25)-C(26)  1.386(3) 

C(25)-H(25)  0.9500 

C(26)-C(27)  1.397(3) 

C(26)-H(26)  0.9500 

C(27)-C(28)  1.397(3) 

C(27)-C(35)  1.531(3) 

C(28)-C(29)  1.398(3) 

C(28)-H(28)  0.9500 

C(29)-C(30)  1.477(3) 

C(30)-C(31)  1.392(3) 

C(31)-C(32)  1.399(3) 

C(31)-H(31)  0.9500 

C(32)-C(33)  1.397(3) 

C(32)-C(39)  1.520(3) 

C(33)-C(34)  1.381(3) 

C(33)-H(33)  0.9500 

C(34)-H(34)  0.9500 

C(35)-C(37)  1.524(4) 

C(35)-C(38)  1.526(4) 

C(35)-C(36)  1.545(4) 

C(36)-H(36A)  0.9800 

C(36)-H(36B)  0.9800 

C(36)-H(36C)  0.9800 

C(37)-H(37A)  0.9800 

C(37)-H(37B)  0.9800 

C(37)-H(37C)  0.9800 

C(38)-H(38A)  0.9800 

C(38)-H(38B)  0.9800 

C(38)-H(38C)  0.9800 

C(39)-C(42)  1.537(4) 

C(39)-C(40)  1.538(4) 

C(39)-C(41)  1.539(4) 

C(40)-H(40A)  0.9800 

C(40)-H(40B)  0.9800 

C(40)-H(40C)  0.9800 

C(41)-H(41A)  0.9800 

C(41)-H(41B)  0.9800 

C(41)-H(41C)  0.9800 

C(42)-H(42A)  0.9800 

Table 5-2 (Cont.) 
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C(42)-H(42B)  0.9800 

C(42)-H(42C)  0.9800 

 

C(3)-Mn(1)-C(2) 87.44(12) 

C(3)-Mn(1)-C(1) 90.02(11) 

C(2)-Mn(1)-C(1) 90.84(11) 

C(3)-Mn(1)-N(2) 96.98(10) 

C(2)-Mn(1)-N(2) 175.37(10) 

C(1)-Mn(1)-N(2) 90.54(9) 

C(3)-Mn(1)-N(1) 171.40(10) 

C(2)-Mn(1)-N(1) 97.01(10) 

C(1)-Mn(1)-N(1) 97.24(9) 

N(2)-Mn(1)-N(1) 78.42(8) 

C(3)-Mn(1)-Br(1) 85.66(9) 

C(2)-Mn(1)-Br(1) 88.90(9) 

C(1)-Mn(1)-Br(1) 175.68(7) 

N(2)-Mn(1)-Br(1) 90.06(6) 

N(1)-Mn(1)-Br(1) 87.07(6) 

C(23)-Mn(2)-C(24) 87.04(12) 

C(23)-Mn(2)-C(22) 86.32(13) 

C(24)-Mn(2)-C(22) 93.69(11) 

C(23)-Mn(2)-N(4) 177.60(11) 

C(24)-Mn(2)-N(4) 95.28(10) 

C(22)-Mn(2)-N(4) 92.94(9) 

C(23)-Mn(2)-N(3) 99.33(10) 

C(24)-Mn(2)-N(3) 168.49(11) 

C(22)-Mn(2)-N(3) 96.27(9) 

N(4)-Mn(2)-N(3) 78.48(8) 

C(23)-Mn(2)-Br(2) 91.66(11) 

C(24)-Mn(2)-Br(2) 85.01(9) 

C(22)-Mn(2)-Br(2) 177.65(7) 

N(4)-Mn(2)-Br(2) 89.14(6) 

N(3)-Mn(2)-Br(2) 85.23(6) 

C(4)-N(1)-C(8) 117.7(2) 

C(4)-N(1)-Mn(1) 125.56(17) 

C(8)-N(1)-Mn(1) 116.65(16) 

C(13)-N(2)-C(9) 117.4(2) 

C(13)-N(2)-Mn(1) 125.70(17) 

C(9)-N(2)-Mn(1) 116.76(16) 

C(25)-N(3)-C(29) 117.3(2) 

C(25)-N(3)-Mn(2) 125.80(17) 

C(29)-N(3)-Mn(2) 116.01(16) 

C(34)-N(4)-C(30) 117.6(2) 

C(34)-N(4)-Mn(2) 125.71(17) 

C(30)-N(4)-Mn(2) 116.70(16) 

O(1)-C(1)-Mn(1) 175.7(2) 

O(2)-C(2)-Mn(1) 177.3(2) 

O(3)-C(3)-Mn(1) 177.5(2) 

N(1)-C(4)-C(5) 123.1(2) 

N(1)-C(4)-H(4) 118.4 

C(5)-C(4)-H(4) 118.4 

C(4)-C(5)-C(6) 120.2(2) 

C(4)-C(5)-H(5) 119.9 

C(6)-C(5)-H(5) 119.9 

Table 5-2 (Cont.) 
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C(7)-C(6)-C(5) 116.4(2) 

C(7)-C(6)-C(14) 123.5(2) 

C(5)-C(6)-C(14) 120.1(2) 

C(6)-C(7)-C(8) 120.6(2) 

C(6)-C(7)-H(7) 119.7 

C(8)-C(7)-H(7) 119.7 

N(1)-C(8)-C(7) 122.0(2) 

N(1)-C(8)-C(9) 114.3(2) 

C(7)-C(8)-C(9) 123.7(2) 

N(2)-C(9)-C(10) 122.1(2) 

N(2)-C(9)-C(8) 113.7(2) 

C(10)-C(9)-C(8) 124.2(2) 

C(9)-C(10)-C(11) 120.6(2) 

C(9)-C(10)-H(10) 119.7 

C(11)-C(10)-H(10) 119.7 

C(10)-C(11)-C(12) 116.4(2) 

C(10)-C(11)-C(18) 123.7(2) 

C(12)-C(11)-C(18) 119.9(2) 

C(13)-C(12)-C(11) 120.3(2) 

C(13)-C(12)-H(12) 119.9 

C(11)-C(12)-H(12) 119.9 

N(2)-C(13)-C(12) 123.2(2) 

N(2)-C(13)-H(13) 118.4 

C(12)-C(13)-H(13) 118.4 

C(17)-C(14)-C(6) 112.0(2) 

C(17)-C(14)-C(16) 108.8(2) 

C(6)-C(14)-C(16) 108.8(2) 

C(17)-C(14)-C(15) 109.3(2) 

C(6)-C(14)-C(15) 108.8(2) 

C(16)-C(14)-C(15) 109.1(2) 

C(14)-C(15)-H(15A) 109.5 

C(14)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 

C(14)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 

H(15B)-C(15)-H(15C) 109.5 

C(14)-C(16)-H(16A) 109.5 

C(14)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

C(14)-C(16)-H(16C) 109.5 

H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 

C(14)-C(17)-H(17A) 109.5 

C(14)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

C(14)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

C(11)-C(18)-C(19) 111.8(2) 

C(11)-C(18)-C(21) 109.5(2) 

C(19)-C(18)-C(21) 109.0(2) 

C(11)-C(18)-C(20) 108.7(2) 

C(19)-C(18)-C(20) 108.6(2) 

C(21)-C(18)-C(20) 109.2(2) 
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C(18)-C(19)-H(19A) 109.5 

C(18)-C(19)-H(19B) 109.5 

H(19A)-C(19)-H(19B) 109.5 

C(18)-C(19)-H(19C) 109.5 

H(19A)-C(19)-H(19C) 109.5 

H(19B)-C(19)-H(19C) 109.5 

C(18)-C(20)-H(20A) 109.5 

C(18)-C(20)-H(20B) 109.5 

H(20A)-C(20)-H(20B) 109.5 

C(18)-C(20)-H(20C) 109.5 

H(20A)-C(20)-H(20C) 109.5 

H(20B)-C(20)-H(20C) 109.5 

C(18)-C(21)-H(21A) 109.5 

C(18)-C(21)-H(21B) 109.5 

H(21A)-C(21)-H(21B) 109.5 

C(18)-C(21)-H(21C) 109.5 

H(21A)-C(21)-H(21C) 109.5 

H(21B)-C(21)-H(21C) 109.5 

O(4)-C(22)-Mn(2) 176.2(2) 

O(5)-C(23)-Mn(2) 173.0(3) 

O(6)-C(24)-Mn(2) 176.9(3) 

N(3)-C(25)-C(26) 123.1(2) 

N(3)-C(25)-H(25) 118.4 

C(26)-C(25)-H(25) 118.4 

C(25)-C(26)-C(27) 120.4(2) 

C(25)-C(26)-H(26) 119.8 

C(27)-C(26)-H(26) 119.8 

C(26)-C(27)-C(28) 116.3(2) 

C(26)-C(27)-C(35) 120.9(2) 

C(28)-C(27)-C(35) 122.8(2) 

C(27)-C(28)-C(29) 120.3(2) 

C(27)-C(28)-H(28) 119.8 

C(29)-C(28)-H(28) 119.8 

N(3)-C(29)-C(28) 122.5(2) 

N(3)-C(29)-C(30) 114.2(2) 

C(28)-C(29)-C(30) 123.3(2) 

N(4)-C(30)-C(31) 122.1(2) 

N(4)-C(30)-C(29) 114.0(2) 

C(31)-C(30)-C(29) 123.9(2) 

C(30)-C(31)-C(32) 120.7(2) 

C(30)-C(31)-H(31) 119.7 

C(32)-C(31)-H(31) 119.7 

C(33)-C(32)-C(31) 116.0(2) 

C(33)-C(32)-C(39) 120.3(2) 

C(31)-C(32)-C(39) 123.7(2) 

C(34)-C(33)-C(32) 120.4(2) 

C(34)-C(33)-H(33) 119.8 

C(32)-C(33)-H(33) 119.8 

N(4)-C(34)-C(33) 123.2(2) 

N(4)-C(34)-H(34) 118.4 

C(33)-C(34)-H(34) 118.4 

C(37)-C(35)-C(38) 109.7(3) 

C(37)-C(35)-C(27) 112.0(2) 

C(38)-C(35)-C(27) 108.6(2) 
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C(37)-C(35)-C(36) 108.1(2) 

C(38)-C(35)-C(36) 109.0(2) 

C(27)-C(35)-C(36) 109.5(2) 

C(35)-C(36)-H(36A) 109.5 

C(35)-C(36)-H(36B) 109.5 

H(36A)-C(36)-H(36B) 109.5 

C(35)-C(36)-H(36C) 109.5 

H(36A)-C(36)-H(36C) 109.5 

H(36B)-C(36)-H(36C) 109.5 

C(35)-C(37)-H(37A) 109.5 

C(35)-C(37)-H(37B) 109.5 

H(37A)-C(37)-H(37B) 109.5 

C(35)-C(37)-H(37C) 109.5 

H(37A)-C(37)-H(37C) 109.5 

H(37B)-C(37)-H(37C) 109.5 

C(35)-C(38)-H(38A) 109.5 

C(35)-C(38)-H(38B) 109.5 

H(38A)-C(38)-H(38B) 109.5 

C(35)-C(38)-H(38C) 109.5 

H(38A)-C(38)-H(38C) 109.5 

H(38B)-C(38)-H(38C) 109.5 

C(32)-C(39)-C(42) 110.7(2) 

C(32)-C(39)-C(40) 111.4(2) 

C(42)-C(39)-C(40) 108.6(2) 

C(32)-C(39)-C(41) 108.1(2) 

C(42)-C(39)-C(41) 108.5(2) 

C(40)-C(39)-C(41) 109.5(2) 

C(39)-C(40)-H(40A) 109.5 

C(39)-C(40)-H(40B) 109.5 

H(40A)-C(40)-H(40B) 109.5 

C(39)-C(40)-H(40C) 109.5 

H(40A)-C(40)-H(40C) 109.5 

H(40B)-C(40)-H(40C) 109.5 

C(39)-C(41)-H(41A) 109.5 

C(39)-C(41)-H(41B) 109.5 

H(41A)-C(41)-H(41B) 109.5 

C(39)-C(41)-H(41C) 109.5 

H(41A)-C(41)-H(41C) 109.5 

H(41B)-C(41)-H(41C) 109.5 

C(39)-C(42)-H(42A) 109.5 

C(39)-C(42)-H(42B) 109.5 

H(42A)-C(42)-H(42B) 109.5 

C(39)-C(42)-H(42C) 109.5 

H(42A)-C(42)-H(42C) 109.5 

H(42B)-C(42)-H(42C) 109.5 
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Table 5-3. Crystal data and structure refinement for [Mn(bipy-tBu)(CO)3][K(18-crown-6)]. 

___________________________________________________________________________________ 

 

Identification code  eb_111019_0m 

Empirical formula  C74 H112 K2 Mn2 N4 O20 

Formula weight  1565.76 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P2(1)/n 

Unit cell dimensions a = 18.2559(4) Å = 90°. 

 b = 18.4759(4) Å = 98.5560(10)°. 

 c = 24.2973(5) Å  = 90°. 

Volume 8104.1(3) Å3 

Z 4 

Density (calculated) 1.283 Mg/m3 

Absorption coefficient 4.023 mm-1 

F(000) 3328 

Crystal size 0.10 x 0.10 x 0.01 mm3 

Theta range for data collection 2.83 to 50.00°. 

Index ranges -13<=h<=18, -18<=k<=18, -24<=l<=24 

Reflections collected 28572 

Independent reflections 8004 [R(int) = 0.0488] 

Completeness to theta = 50.00° 96.1 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9609 and 0.6891 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8004 / 0 / 957 

Goodness-of-fit on F2 1.026 

Final R indices [I>2sigma(I)] R1 = 0.0733, wR2 = 0.1941 

R indices (all data) R1 = 0.1060, wR2 = 0.2255 

Largest diff. peak and hole 1.401 and -0.301 e.Å-3 

___________________________________________________________________________________ 
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Table 5-4. Bond lengths [Å] and angles [°] for [Mn(bipy-tBu)(CO)3][K(18-crown-6)]. 

___________________________________________________________________________________ 

  

Mn(1)-C(3A)  1.66(3) 

Mn(1)-C(1)  1.746(8) 

Mn(1)-C(2A)  1.796(13) 

Mn(1)-C(2B)  1.85(3) 

Mn(1)-N(2)  1.970(6) 

Mn(1)-C(3B)  1.98(6) 

Mn(1)-N(1)  1.987(6) 

Mn(2)-C(24)  1.765(9) 

Mn(2)-C(22)  1.773(9) 

Mn(2)-C(23)  1.785(8) 

Mn(2)-N(3)  1.980(5) 

Mn(2)-N(4)  1.992(5) 

K(1)-O(13)  2.698(6) 

K(1)-O(8)  2.742(5) 

K(1)-O(11)  2.785(5) 

K(1)-O(9)  2.791(5) 

K(1)-O(12)  2.814(5) 

K(1)-O(7)  2.836(5) 

K(1)-O(10)  2.895(5) 

K(1)-O(2A)  3.012(9) 

K(1)-C(55A)  3.52(6) 

K(1)-C(55B)  3.53(2) 

K(2)-O(20)  2.709(6) 

K(2)-O(15)  2.739(5) 

K(2)-O(18)  2.798(5) 

K(2)-O(16)  2.817(5) 

K(2)-O(14)  2.820(5) 

K(2)-O(17)  2.843(5) 

K(2)-O(5)  2.846(6) 

K(2)-O(19)  2.871(5) 

O(1)-C(1)  1.203(9) 

O(2A)-C(2A)  1.168(13) 

O(2B)-C(2B)  1.16(3) 

O(3A)-C(3A)  1.22(3) 

O(3B)-C(3B)  1.21(7) 

O(4)-C(22)  1.168(9) 

O(5)-C(23)  1.183(9) 

O(6)-C(24)  1.188(10) 

O(7)-C(44)  1.412(8) 

O(7)-C(45)  1.427(8) 

O(8)-C(47)  1.417(8) 

O(8)-C(46)  1.426(8) 

O(9)-C(49)  1.411(8) 

O(9)-C(48)  1.437(8) 

O(10)-C(51)  1.425(8) 

O(10)-C(50)  1.426(8) 

O(11)-C(53)  1.416(8) 

O(11)-C(52)  1.441(9) 

O(12)-C(43)  1.399(8) 

O(12)-C(54)  1.429(8) 

O(13)-C(55B)  1.31(2) 

O(13)-C(58B)  1.380(14) 
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O(13)-C(55A)  1.40(6) 

O(13)-C(58A)  1.65(5) 

O(14)-C(60)  1.413(8) 

O(14)-C(61)  1.432(8) 

O(15)-C(63)  1.420(8) 

O(15)-C(62)  1.421(9) 

O(16)-C(64)  1.424(8) 

O(16)-C(65)  1.433(8) 

O(17)-C(67)  1.426(8) 

O(17)-C(66)  1.433(8) 

O(18)-C(69)  1.405(8) 

O(18)-C(68)  1.428(8) 

O(19)-C(59)  1.408(8) 

O(19)-C(70)  1.417(8) 

O(20)-C(71)  1.369(11) 

O(20)-C(74A)  1.438(13) 

O(20)-C(74B)  1.62(4) 

N(1)-C(4)  1.350(9) 

N(1)-C(8)  1.372(9) 

N(2)-C(13)  1.366(9) 

N(2)-C(9)  1.389(8) 

N(3)-C(25)  1.376(9) 

N(3)-C(29)  1.395(9) 

N(4)-C(34)  1.360(8) 

N(4)-C(30)  1.385(9) 

C(4)-C(5)  1.350(10) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.405(10) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.360(10) 

C(6)-C(14)  1.526(10) 

C(7)-C(8)  1.413(9) 

C(7)-H(7)  0.9500 

C(8)-C(9)  1.414(9) 

C(9)-C(10)  1.427(10) 

C(10)-C(11)  1.346(10) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.443(10) 

C(11)-C(18)  1.519(10) 

C(12)-C(13)  1.367(10) 

C(12)-H(12)  0.9500 

C(13)-H(13)  0.9500 

C(14)-C(15)  1.515(10) 

C(14)-C(17)  1.536(11) 

C(14)-C(16)  1.544(10) 

C(15)-H(15A)  0.9800 

C(15)-H(15B)  0.9800 

C(15)-H(15C)  0.9800 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 
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C(18)-C(21)  1.529(10) 

C(18)-C(19)  1.530(12) 

C(18)-C(20)  1.548(12) 

C(19)-H(19A)  0.9800 

C(19)-H(19B)  0.9800 

C(19)-H(19C)  0.9800 

C(20)-H(20A)  0.9800 

C(20)-H(20B)  0.9800 

C(20)-H(20C)  0.9800 

C(21)-H(21A)  0.9800 

C(21)-H(21B)  0.9800 

C(21)-H(21C)  0.9800 

C(25)-C(26)  1.351(10) 

C(25)-H(25)  0.9500 

C(26)-C(27)  1.437(10) 

C(26)-H(26)  0.9500 

C(27)-C(28)  1.361(9) 

C(27)-C(35)  1.514(10) 

C(28)-C(29)  1.403(10) 

C(28)-H(28)  0.9500 

C(29)-C(30)  1.406(10) 

C(30)-C(31)  1.430(10) 

C(31)-C(32)  1.363(10) 

C(31)-H(31)  0.9500 

C(32)-C(33)  1.428(10) 

C(32)-C(39)  1.507(10) 

C(33)-C(34)  1.349(10) 

C(33)-H(33)  0.9500 

C(34)-H(34)  0.9500 

C(35)-C(38)  1.518(11) 

C(35)-C(36)  1.519(10) 

C(35)-C(37)  1.527(10) 

C(36)-H(36A)  0.9800 

C(36)-H(36B)  0.9800 

C(36)-H(36C)  0.9800 

C(37)-H(37A)  0.9800 

C(37)-H(37B)  0.9800 

C(37)-H(37C)  0.9800 

C(38)-H(38A)  0.9800 

C(38)-H(38B)  0.9800 

C(38)-H(38C)  0.9800 

C(39)-C(40)  1.512(11) 

C(39)-C(41)  1.542(10) 

C(39)-C(42)  1.552(10) 

C(40)-H(40A)  0.9800 

C(40)-H(40B)  0.9800 

C(40)-H(40C)  0.9800 

C(41)-H(41A)  0.9800 

C(41)-H(41B)  0.9800 

C(41)-H(41C)  0.9800 

C(42)-H(42A)  0.9800 

C(42)-H(42B)  0.9800 

C(42)-H(42C)  0.9800 

C(43)-C(44)  1.493(10) 
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C(43)-H(43A)  0.9900 

C(43)-H(43B)  0.9900 

C(44)-H(44A)  0.9900 

C(44)-H(44B)  0.9900 

C(45)-C(46)  1.482(10) 

C(45)-H(45A)  0.9900 

C(45)-H(45B)  0.9900 

C(46)-H(46A)  0.9900 

C(46)-H(46B)  0.9900 

C(47)-C(48)  1.509(9) 

C(47)-H(47A)  0.9900 

C(47)-H(47B)  0.9900 

C(48)-H(48A)  0.9900 

C(48)-H(48B)  0.9900 

C(49)-C(50)  1.507(9) 

C(49)-H(49A)  0.9900 

C(49)-H(49B)  0.9900 

C(50)-H(50A)  0.9900 

C(50)-H(50B)  0.9900 

C(51)-C(52)  1.504(10) 

C(51)-H(51A)  0.9900 

C(51)-H(51B)  0.9900 

C(52)-H(52A)  0.9900 

C(52)-H(52B)  0.9900 

C(53)-C(54)  1.495(10) 

C(53)-H(53A)  0.9900 

C(53)-H(53B)  0.9900 

C(54)-H(54A)  0.9900 

C(54)-H(54B)  0.9900 

C(55A)-C(56A)  1.81(7) 

C(55A)-H(55A)  0.9900 

C(55A)-H(55B)  0.9900 

C(55B)-C(56B)  1.51(2) 

C(55B)-C(58A)  1.96(5) 

C(55B)-H(55C)  0.9900 

C(55B)-H(55D)  0.9900 

C(56A)-C(57)  1.21(5) 

C(56A)-H(56A)  0.9900 

C(56A)-H(56B)  0.9900 

C(56B)-C(57)  1.546(17) 

C(56B)-C(58A)  2.00(5) 

C(56B)-H(56C)  0.9900 

C(56B)-H(56D)  0.9900 

C(57)-C(58B)  1.402(16) 

C(57)-C(58A)  1.43(5) 

C(57)-H(57C)  0.9900 

C(57)-H(57D)  0.9900 

C(57)-H(57A)  0.9900 

C(57)-H(57B)  0.9900 

C(58A)-H(58A)  0.9900 

C(58A)-H(58B)  0.9900 

C(58B)-H(58C)  0.9900 

C(58B)-H(58D)  0.9900 

C(59)-C(60)  1.486(10) 
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C(59)-H(59A)  0.9900 

C(59)-H(59B)  0.9900 

C(60)-H(60A)  0.9900 

C(60)-H(60B)  0.9900 

C(61)-C(62)  1.489(10) 

C(61)-H(61A)  0.9900 

C(61)-H(61B)  0.9900 

C(62)-H(62A)  0.9900 

C(62)-H(62B)  0.9900 

C(63)-C(64)  1.486(10) 

C(63)-H(63A)  0.9900 

C(63)-H(63B)  0.9900 

C(64)-H(64A)  0.9900 

C(64)-H(64B)  0.9900 

C(65)-C(66)  1.498(9) 

C(65)-H(65A)  0.9900 

C(65)-H(65B)  0.9900 

C(66)-H(66A)  0.9900 

C(66)-H(66B)  0.9900 

C(67)-C(68)  1.500(10) 

C(67)-H(67A)  0.9900 

C(67)-H(67B)  0.9900 

C(68)-H(68A)  0.9900 

C(68)-H(68B)  0.9900 

C(69)-C(70)  1.493(10) 

C(69)-H(69A)  0.9900 

C(69)-H(69B)  0.9900 

C(70)-H(70A)  0.9900 

C(70)-H(70B)  0.9900 

C(71)-C(72)  1.438(13) 

C(71)-H(71A)  0.9900 

C(71)-H(71B)  0.9900 

C(72)-C(73A)  1.446(14) 

C(72)-C(73B)  1.52(3) 

C(72)-H(72C)  0.9900 

C(72)-H(72D)  0.9900 

C(72)-H(72A)  0.9900 

C(72)-H(72B)  0.9900 

C(73A)-C(74A)  1.529(16) 

C(73A)-H(73A)  0.9900 

C(73A)-H(73B)  0.9900 

C(73B)-C(74B)  1.56(4) 

C(73B)-H(73C)  0.9900 

C(73B)-H(73D)  0.9900 

C(74A)-H(74A)  0.9900 

C(74A)-H(74B)  0.9900 

C(74B)-H(74C)  0.9900 

C(74B)-H(74D)  0.9900 

 

C(3A)-Mn(1)-C(1) 86.0(8) 

C(3A)-Mn(1)-C(2A) 104.2(15) 

C(1)-Mn(1)-C(2A) 89.2(5) 

C(3A)-Mn(1)-C(2B) 66.8(18) 

C(1)-Mn(1)-C(2B) 95.0(9) 
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C(2A)-Mn(1)-C(2B) 38.4(10) 

C(3A)-Mn(1)-N(2) 143.3(14) 

C(1)-Mn(1)-N(2) 94.9(3) 

C(2A)-Mn(1)-N(2) 112.5(6) 

C(2B)-Mn(1)-N(2) 149.0(12) 

C(3A)-Mn(1)-C(3B) 17.5(16) 

C(1)-Mn(1)-C(3B) 88.3(17) 

C(2A)-Mn(1)-C(3B) 122(2) 

C(2B)-Mn(1)-C(3B) 84(2) 

N(2)-Mn(1)-C(3B) 125.8(19) 

C(3A)-Mn(1)-N(1) 95.5(8) 

C(1)-Mn(1)-N(1) 171.3(3) 

C(2A)-Mn(1)-N(1) 98.7(5) 

C(2B)-Mn(1)-N(1) 93.5(9) 

N(2)-Mn(1)-N(1) 78.8(2) 

C(3B)-Mn(1)-N(1) 90.7(16) 

C(24)-Mn(2)-C(22) 91.3(4) 

C(24)-Mn(2)-C(23) 88.9(4) 

C(22)-Mn(2)-C(23) 97.2(4) 

C(24)-Mn(2)-N(3) 93.0(3) 

C(22)-Mn(2)-N(3) 139.7(3) 

C(23)-Mn(2)-N(3) 122.9(3) 

C(24)-Mn(2)-N(4) 171.7(3) 

C(22)-Mn(2)-N(4) 95.8(3) 

C(23)-Mn(2)-N(4) 94.6(3) 

N(3)-Mn(2)-N(4) 78.8(2) 

O(13)-K(1)-O(8) 87.91(17) 

O(13)-K(1)-O(11) 80.81(17) 

O(8)-K(1)-O(11) 168.43(15) 

O(13)-K(1)-O(9) 76.61(17) 

O(8)-K(1)-O(9) 60.57(13) 

O(11)-K(1)-O(9) 118.50(15) 

O(13)-K(1)-O(12) 97.13(18) 

O(8)-K(1)-O(12) 120.13(14) 

O(11)-K(1)-O(12) 59.38(14) 

O(9)-K(1)-O(12) 173.73(15) 

O(13)-K(1)-O(7) 86.3(2) 

O(8)-K(1)-O(7) 60.09(13) 

O(11)-K(1)-O(7) 116.16(15) 

O(9)-K(1)-O(7) 118.42(14) 

O(12)-K(1)-O(7) 60.80(14) 

O(13)-K(1)-O(10) 81.30(19) 

O(8)-K(1)-O(10) 120.87(14) 

O(11)-K(1)-O(10) 60.10(13) 

O(9)-K(1)-O(10) 60.36(13) 

O(12)-K(1)-O(10) 118.86(14) 

O(7)-K(1)-O(10) 167.48(15) 

O(13)-K(1)-O(2A) 160.5(2) 

O(8)-K(1)-O(2A) 75.80(18) 

O(11)-K(1)-O(2A) 114.73(18) 

O(9)-K(1)-O(2A) 103.7(2) 

O(12)-K(1)-O(2A) 82.3(2) 

O(7)-K(1)-O(2A) 76.4(2) 

O(10)-K(1)-O(2A) 116.2(2) 
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O(13)-K(1)-C(55A) 21.3(11) 

O(8)-K(1)-C(55A) 90.1(9) 

O(11)-K(1)-C(55A) 78.4(9) 

O(9)-K(1)-C(55A) 96.1(10) 

O(12)-K(1)-C(55A) 77.7(10) 

O(7)-K(1)-C(55A) 69.2(11) 

O(10)-K(1)-C(55A) 98.3(11) 

O(2A)-K(1)-C(55A) 145.4(12) 

O(13)-K(1)-C(55B) 19.0(3) 

O(8)-K(1)-C(55B) 98.6(3) 

O(11)-K(1)-C(55B) 69.8(3) 

O(9)-K(1)-C(55B) 95.6(3) 

O(12)-K(1)-C(55B) 78.2(3) 

O(7)-K(1)-C(55B) 78.4(4) 

O(10)-K(1)-C(55B) 89.3(4) 

O(2A)-K(1)-C(55B) 153.4(4) 

C(55A)-K(1)-C(55B) 10.1(12) 

O(20)-K(2)-O(15) 86.82(18) 

O(20)-K(2)-O(18) 79.81(17) 

O(15)-K(2)-O(18) 165.96(15) 

O(20)-K(2)-O(16) 75.77(16) 

O(15)-K(2)-O(16) 59.90(14) 

O(18)-K(2)-O(16) 119.87(14) 

O(20)-K(2)-O(14) 86.76(19) 

O(15)-K(2)-O(14) 60.66(14) 

O(18)-K(2)-O(14) 113.83(14) 

O(16)-K(2)-O(14) 118.51(15) 

O(20)-K(2)-O(17) 81.12(19) 

O(15)-K(2)-O(17) 121.27(14) 

O(18)-K(2)-O(17) 61.04(13) 

O(16)-K(2)-O(17) 61.40(13) 

O(14)-K(2)-O(17) 167.49(14) 

O(20)-K(2)-O(5) 158.20(18) 

O(15)-K(2)-O(5) 78.54(15) 

O(18)-K(2)-O(5) 115.49(15) 

O(16)-K(2)-O(5) 82.90(16) 

O(14)-K(2)-O(5) 99.74(16) 

O(17)-K(2)-O(5) 92.69(16) 

O(20)-K(2)-O(19) 97.22(16) 

O(15)-K(2)-O(19) 119.96(15) 

O(18)-K(2)-O(19) 58.30(13) 

O(16)-K(2)-O(19) 172.98(14) 

O(14)-K(2)-O(19) 59.84(14) 

O(17)-K(2)-O(19) 118.51(14) 

O(5)-K(2)-O(19) 104.05(16) 

C(2A)-O(2A)-K(1) 127.6(10) 

C(23)-O(5)-K(2) 122.9(5) 

C(44)-O(7)-C(45) 112.4(5) 

C(44)-O(7)-K(1) 109.6(4) 

C(45)-O(7)-K(1) 113.4(4) 

C(47)-O(8)-C(46) 112.7(5) 

C(47)-O(8)-K(1) 118.3(4) 

C(46)-O(8)-K(1) 117.2(4) 

C(49)-O(9)-C(48) 113.2(5) 
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C(49)-O(9)-K(1) 113.4(4) 

C(48)-O(9)-K(1) 109.6(4) 

C(51)-O(10)-C(50) 111.7(5) 

C(51)-O(10)-K(1) 110.4(4) 

C(50)-O(10)-K(1) 110.4(4) 

C(53)-O(11)-C(52) 112.4(5) 

C(53)-O(11)-K(1) 117.3(4) 

C(52)-O(11)-K(1) 116.8(4) 

C(43)-O(12)-C(54) 112.0(5) 

C(43)-O(12)-K(1) 114.8(4) 

C(54)-O(12)-K(1) 116.3(4) 

C(55B)-O(13)-C(58B) 110.7(11) 

C(55B)-O(13)-C(55A) 26(3) 

C(58B)-O(13)-C(55A) 99(2) 

C(55B)-O(13)-C(58A) 82.1(18) 

C(58B)-O(13)-C(58A) 44.0(16) 

C(55A)-O(13)-C(58A) 61(3) 

C(55B)-O(13)-K(1) 118.9(10) 

C(58B)-O(13)-K(1) 124.2(7) 

C(55A)-O(13)-K(1) 114(3) 

C(58A)-O(13)-K(1) 119.7(17) 

C(60)-O(14)-C(61) 111.6(5) 

C(60)-O(14)-K(2) 110.8(4) 

C(61)-O(14)-K(2) 112.8(4) 

C(63)-O(15)-C(62) 113.4(6) 

C(63)-O(15)-K(2) 119.5(4) 

C(62)-O(15)-K(2) 116.5(4) 

C(64)-O(16)-C(65) 113.4(5) 

C(64)-O(16)-K(2) 109.1(4) 

C(65)-O(16)-K(2) 109.5(4) 

C(67)-O(17)-C(66) 111.9(5) 

C(67)-O(17)-K(2) 110.1(4) 

C(66)-O(17)-K(2) 111.3(4) 

C(69)-O(18)-C(68) 113.1(5) 

C(69)-O(18)-K(2) 119.2(4) 

C(68)-O(18)-K(2) 114.5(4) 

C(59)-O(19)-C(70) 112.9(5) 

C(59)-O(19)-K(2) 114.9(4) 

C(70)-O(19)-K(2) 116.3(4) 

C(71)-O(20)-C(74A) 107.3(8) 

C(71)-O(20)-C(74B) 86.8(16) 

C(74A)-O(20)-C(74B) 48.0(13) 

C(71)-O(20)-K(2) 126.7(6) 

C(74A)-O(20)-K(2) 121.5(6) 

C(74B)-O(20)-K(2) 109.5(10) 

C(4)-N(1)-C(8) 116.1(6) 

C(4)-N(1)-Mn(1) 126.6(5) 

C(8)-N(1)-Mn(1) 117.1(5) 

C(13)-N(2)-C(9) 115.3(6) 

C(13)-N(2)-Mn(1) 127.5(5) 

C(9)-N(2)-Mn(1) 117.1(4) 

C(25)-N(3)-C(29) 114.7(6) 

C(25)-N(3)-Mn(2) 127.6(5) 

C(29)-N(3)-Mn(2) 117.4(5) 
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C(34)-N(4)-C(30) 117.3(6) 

C(34)-N(4)-Mn(2) 126.4(5) 

C(30)-N(4)-Mn(2) 116.2(5) 

O(1)-C(1)-Mn(1) 178.2(8) 

O(2A)-C(2A)-Mn(1) 178.6(11) 

O(2B)-C(2B)-Mn(1) 173(3) 

O(3A)-C(3A)-Mn(1) 175(2) 

O(3B)-C(3B)-Mn(1) 173(5) 

C(5)-C(4)-N(1) 125.2(7) 

C(5)-C(4)-H(4) 117.4 

N(1)-C(4)-H(4) 117.4 

C(4)-C(5)-C(6) 120.3(7) 

C(4)-C(5)-H(5) 119.8 

C(6)-C(5)-H(5) 119.8 

C(7)-C(6)-C(5) 115.3(6) 

C(7)-C(6)-C(14) 124.5(7) 

C(5)-C(6)-C(14) 120.1(7) 

C(6)-C(7)-C(8) 123.2(7) 

C(6)-C(7)-H(7) 118.4 

C(8)-C(7)-H(7) 118.4 

N(1)-C(8)-C(7) 119.8(6) 

N(1)-C(8)-C(9) 113.6(6) 

C(7)-C(8)-C(9) 126.5(7) 

N(2)-C(9)-C(8) 113.3(6) 

N(2)-C(9)-C(10) 121.1(6) 

C(8)-C(9)-C(10) 125.6(6) 

C(11)-C(10)-C(9) 122.9(7) 

C(11)-C(10)-H(10) 118.6 

C(9)-C(10)-H(10) 118.6 

C(10)-C(11)-C(12) 115.6(7) 

C(10)-C(11)-C(18) 125.1(7) 

C(12)-C(11)-C(18) 119.3(7) 

C(13)-C(12)-C(11) 120.2(7) 

C(13)-C(12)-H(12) 119.9 

C(11)-C(12)-H(12) 119.9 

N(2)-C(13)-C(12) 124.9(7) 

N(2)-C(13)-H(13) 117.6 

C(12)-C(13)-H(13) 117.6 

C(15)-C(14)-C(6) 110.1(6) 

C(15)-C(14)-C(17) 108.6(7) 

C(6)-C(14)-C(17) 112.5(7) 

C(15)-C(14)-C(16) 108.6(7) 

C(6)-C(14)-C(16) 109.8(6) 

C(17)-C(14)-C(16) 107.1(6) 

C(14)-C(15)-H(15A) 109.5 

C(14)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 

C(14)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 

H(15B)-C(15)-H(15C) 109.5 

C(14)-C(16)-H(16A) 109.5 

C(14)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

C(14)-C(16)-H(16C) 109.5 
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H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 

C(14)-C(17)-H(17A) 109.5 

C(14)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

C(14)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

C(11)-C(18)-C(21) 109.9(6) 

C(11)-C(18)-C(19) 111.9(7) 

C(21)-C(18)-C(19) 107.8(7) 

C(11)-C(18)-C(20) 109.6(7) 

C(21)-C(18)-C(20) 107.9(7) 

C(19)-C(18)-C(20) 109.6(8) 

C(18)-C(19)-H(19A) 109.5 

C(18)-C(19)-H(19B) 109.5 

H(19A)-C(19)-H(19B) 109.5 

C(18)-C(19)-H(19C) 109.5 

H(19A)-C(19)-H(19C) 109.5 

H(19B)-C(19)-H(19C) 109.5 

C(18)-C(20)-H(20A) 109.5 

C(18)-C(20)-H(20B) 109.5 

H(20A)-C(20)-H(20B) 109.5 

C(18)-C(20)-H(20C) 109.5 

H(20A)-C(20)-H(20C) 109.5 

H(20B)-C(20)-H(20C) 109.5 

C(18)-C(21)-H(21A) 109.5 

C(18)-C(21)-H(21B) 109.5 

H(21A)-C(21)-H(21B) 109.5 

C(18)-C(21)-H(21C) 109.5 

H(21A)-C(21)-H(21C) 109.5 

H(21B)-C(21)-H(21C) 109.5 

O(4)-C(22)-Mn(2) 179.0(8) 

O(5)-C(23)-Mn(2) 179.2(7) 

O(6)-C(24)-Mn(2) 178.6(9) 

C(26)-C(25)-N(3) 124.8(7) 

C(26)-C(25)-H(25) 117.6 

N(3)-C(25)-H(25) 117.6 

C(25)-C(26)-C(27) 121.2(7) 

C(25)-C(26)-H(26) 119.4 

C(27)-C(26)-H(26) 119.4 

C(28)-C(27)-C(26) 114.4(6) 

C(28)-C(27)-C(35) 126.1(7) 

C(26)-C(27)-C(35) 119.5(7) 

C(27)-C(28)-C(29) 123.6(7) 

C(27)-C(28)-H(28) 118.2 

C(29)-C(28)-H(28) 118.2 

N(3)-C(29)-C(28) 121.3(7) 

N(3)-C(29)-C(30) 112.5(6) 

C(28)-C(29)-C(30) 126.1(7) 

N(4)-C(30)-C(29) 114.8(6) 

N(4)-C(30)-C(31) 119.5(6) 

C(29)-C(30)-C(31) 125.7(7) 

C(32)-C(31)-C(30) 122.5(7) 
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C(32)-C(31)-H(31) 118.8 

C(30)-C(31)-H(31) 118.8 

C(31)-C(32)-C(33) 115.8(7) 

C(31)-C(32)-C(39) 124.0(7) 

C(33)-C(32)-C(39) 120.2(7) 

C(34)-C(33)-C(32) 120.8(7) 

C(34)-C(33)-H(33) 119.6 

C(32)-C(33)-H(33) 119.6 

C(33)-C(34)-N(4) 124.1(7) 

C(33)-C(34)-H(34) 118.0 

N(4)-C(34)-H(34) 118.0 

C(27)-C(35)-C(38) 111.3(6) 

C(27)-C(35)-C(36) 110.3(6) 

C(38)-C(35)-C(36) 108.3(7) 

C(27)-C(35)-C(37) 110.0(6) 

C(38)-C(35)-C(37) 107.4(7) 

C(36)-C(35)-C(37) 109.6(7) 

C(35)-C(36)-H(36A) 109.5 

C(35)-C(36)-H(36B) 109.5 

H(36A)-C(36)-H(36B) 109.5 

C(35)-C(36)-H(36C) 109.5 

H(36A)-C(36)-H(36C) 109.5 

H(36B)-C(36)-H(36C) 109.5 

C(35)-C(37)-H(37A) 109.5 

C(35)-C(37)-H(37B) 109.5 

H(37A)-C(37)-H(37B) 109.5 

C(35)-C(37)-H(37C) 109.5 

H(37A)-C(37)-H(37C) 109.5 

H(37B)-C(37)-H(37C) 109.5 

C(35)-C(38)-H(38A) 109.5 

C(35)-C(38)-H(38B) 109.5 

H(38A)-C(38)-H(38B) 109.5 

C(35)-C(38)-H(38C) 109.5 

H(38A)-C(38)-H(38C) 109.5 

H(38B)-C(38)-H(38C) 109.5 

C(32)-C(39)-C(40) 112.6(7) 

C(32)-C(39)-C(41) 110.3(6) 

C(40)-C(39)-C(41) 107.5(6) 

C(32)-C(39)-C(42) 109.4(6) 

C(40)-C(39)-C(42) 109.2(7) 

C(41)-C(39)-C(42) 107.7(7) 

C(39)-C(40)-H(40A) 109.5 

C(39)-C(40)-H(40B) 109.5 

H(40A)-C(40)-H(40B) 109.5 

C(39)-C(40)-H(40C) 109.5 

H(40A)-C(40)-H(40C) 109.5 

H(40B)-C(40)-H(40C) 109.5 

C(39)-C(41)-H(41A) 109.5 

C(39)-C(41)-H(41B) 109.5 

H(41A)-C(41)-H(41B) 109.5 

C(39)-C(41)-H(41C) 109.5 

H(41A)-C(41)-H(41C) 109.5 

H(41B)-C(41)-H(41C) 109.5 

C(39)-C(42)-H(42A) 109.5 
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C(39)-C(42)-H(42B) 109.5 

H(42A)-C(42)-H(42B) 109.5 

C(39)-C(42)-H(42C) 109.5 

H(42A)-C(42)-H(42C) 109.5 

H(42B)-C(42)-H(42C) 109.5 

O(12)-C(43)-C(44) 110.5(6) 

O(12)-C(43)-H(43A) 109.5 

C(44)-C(43)-H(43A) 109.5 

O(12)-C(43)-H(43B) 109.5 

C(44)-C(43)-H(43B) 109.5 

H(43A)-C(43)-H(43B) 108.1 

O(7)-C(44)-C(43) 108.9(6) 

O(7)-C(44)-H(44A) 109.9 

C(43)-C(44)-H(44A) 109.9 

O(7)-C(44)-H(44B) 109.9 

C(43)-C(44)-H(44B) 109.9 

H(44A)-C(44)-H(44B) 108.3 

O(7)-C(45)-C(46) 108.7(6) 

O(7)-C(45)-H(45A) 109.9 

C(46)-C(45)-H(45A) 109.9 

O(7)-C(45)-H(45B) 109.9 

C(46)-C(45)-H(45B) 109.9 

H(45A)-C(45)-H(45B) 108.3 

O(8)-C(46)-C(45) 108.7(6) 

O(8)-C(46)-H(46A) 109.9 

C(45)-C(46)-H(46A) 109.9 

O(8)-C(46)-H(46B) 109.9 

C(45)-C(46)-H(46B) 109.9 

H(46A)-C(46)-H(46B) 108.3 

O(8)-C(47)-C(48) 107.7(6) 

O(8)-C(47)-H(47A) 110.2 

C(48)-C(47)-H(47A) 110.2 

O(8)-C(47)-H(47B) 110.2 

C(48)-C(47)-H(47B) 110.2 

H(47A)-C(47)-H(47B) 108.5 

O(9)-C(48)-C(47) 107.0(5) 

O(9)-C(48)-H(48A) 110.3 

C(47)-C(48)-H(48A) 110.3 

O(9)-C(48)-H(48B) 110.3 

C(47)-C(48)-H(48B) 110.3 

H(48A)-C(48)-H(48B) 108.6 

O(9)-C(49)-C(50) 107.3(5) 

O(9)-C(49)-H(49A) 110.3 

C(50)-C(49)-H(49A) 110.3 

O(9)-C(49)-H(49B) 110.3 

C(50)-C(49)-H(49B) 110.3 

H(49A)-C(49)-H(49B) 108.5 

O(10)-C(50)-C(49) 107.5(6) 

O(10)-C(50)-H(50A) 110.2 

C(49)-C(50)-H(50A) 110.2 

O(10)-C(50)-H(50B) 110.2 

C(49)-C(50)-H(50B) 110.2 

H(50A)-C(50)-H(50B) 108.5 

O(10)-C(51)-C(52) 108.3(6) 
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O(10)-C(51)-H(51A) 110.0 

C(52)-C(51)-H(51A) 110.0 

O(10)-C(51)-H(51B) 110.0 

C(52)-C(51)-H(51B) 110.0 

H(51A)-C(51)-H(51B) 108.4 

O(11)-C(52)-C(51) 107.9(6) 

O(11)-C(52)-H(52A) 110.1 

C(51)-C(52)-H(52A) 110.1 

O(11)-C(52)-H(52B) 110.1 

C(51)-C(52)-H(52B) 110.1 

H(52A)-C(52)-H(52B) 108.4 

O(11)-C(53)-C(54) 107.9(6) 

O(11)-C(53)-H(53A) 110.1 

C(54)-C(53)-H(53A) 110.1 

O(11)-C(53)-H(53B) 110.1 

C(54)-C(53)-H(53B) 110.1 

H(53A)-C(53)-H(53B) 108.4 

O(12)-C(54)-C(53) 109.6(6) 

O(12)-C(54)-H(54A) 109.7 

C(53)-C(54)-H(54A) 109.7 

O(12)-C(54)-H(54B) 109.7 

C(53)-C(54)-H(54B) 109.7 

H(54A)-C(54)-H(54B) 108.2 

O(13)-C(55A)-C(56A) 106(4) 

O(13)-C(55A)-K(1) 44(2) 

C(56A)-C(55A)-K(1) 143(3) 

O(13)-C(55A)-H(55A) 110.4 

C(56A)-C(55A)-H(55A) 110.4 

K(1)-C(55A)-H(55A) 72.6 

O(13)-C(55A)-H(55B) 110.4 

C(56A)-C(55A)-H(55B) 110.4 

K(1)-C(55A)-H(55B) 102.7 

H(55A)-C(55A)-H(55B) 108.6 

O(13)-C(55B)-C(56B) 108.0(14) 

O(13)-C(55B)-C(58A) 56.4(15) 

C(56B)-C(55B)-C(58A) 68.8(15) 

O(13)-C(55B)-K(1) 42.0(8) 

C(56B)-C(55B)-K(1) 148.3(11) 

C(58A)-C(55B)-K(1) 82.2(14) 

O(13)-C(55B)-H(55C) 110.1 

C(56B)-C(55B)-H(55C) 110.1 

C(58A)-C(55B)-H(55C) 87.4 

K(1)-C(55B)-H(55C) 80.1 

O(13)-C(55B)-H(55D) 110.1 

C(56B)-C(55B)-H(55D) 110.1 

C(58A)-C(55B)-H(55D) 162.8 

K(1)-C(55B)-H(55D) 93.7 

H(55C)-C(55B)-H(55D) 108.4 

C(57)-C(56A)-C(55A) 95(3) 

C(57)-C(56A)-H(56A) 112.7 

C(55A)-C(56A)-H(56A) 112.7 

C(57)-C(56A)-H(56B) 112.7 

C(55A)-C(56A)-H(56B) 112.7 

H(56A)-C(56A)-H(56B) 110.2 
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C(55B)-C(56B)-C(57) 103.7(11) 

C(55B)-C(56B)-C(58A) 66.4(14) 

C(57)-C(56B)-C(58A) 45.4(13) 

C(55B)-C(56B)-H(56C) 111.0 

C(57)-C(56B)-H(56C) 111.0 

C(58A)-C(56B)-H(56C) 100.7 

C(55B)-C(56B)-H(56D) 111.0 

C(57)-C(56B)-H(56D) 111.0 

C(58A)-C(56B)-H(56D) 148.2 

H(56C)-C(56B)-H(56D) 109.0 

C(56A)-C(57)-C(58B) 116(2) 

C(56A)-C(57)-C(58A) 74(3) 

C(58B)-C(57)-C(58A) 48.4(19) 

C(56A)-C(57)-C(56B) 39(3) 

C(58B)-C(57)-C(56B) 102.2(10) 

C(58A)-C(57)-C(56B) 84(2) 

C(56A)-C(57)-H(57C) 152.9 

C(58B)-C(57)-H(57C) 66.2 

C(58A)-C(57)-H(57C) 114.6 

C(56B)-C(57)-H(57C) 114.6 

C(56A)-C(57)-H(57D) 84.9 

C(58B)-C(57)-H(57D) 138.2 

C(58A)-C(57)-H(57D) 114.6 

C(56B)-C(57)-H(57D) 114.6 

H(57C)-C(57)-H(57D) 111.7 

C(56A)-C(57)-H(57A) 108.3 

C(58B)-C(57)-H(57A) 108.3 

C(58A)-C(57)-H(57A) 101.6 

C(56B)-C(57)-H(57A) 143.9 

H(57C)-C(57)-H(57A) 95.4 

H(57D)-C(57)-H(57A) 30.7 

C(56A)-C(57)-H(57B) 108.3 

C(58B)-C(57)-H(57B) 108.3 

C(58A)-C(57)-H(57B) 148.1 

C(56B)-C(57)-H(57B) 80.1 

H(57C)-C(57)-H(57B) 50.3 

H(57D)-C(57)-H(57B) 97.3 

H(57A)-C(57)-H(57B) 107.4 

C(57)-C(58A)-O(13) 98(3) 

C(57)-C(58A)-C(55B) 89(3) 

O(13)-C(58A)-C(55B) 41.5(12) 

C(57)-C(58A)-C(56B) 50.3(16) 

O(13)-C(58A)-C(56B) 77(2) 

C(55B)-C(58A)-C(56B) 44.8(13) 

C(57)-C(58A)-H(58A) 112.2 

O(13)-C(58A)-H(58A) 112.2 

C(55B)-C(58A)-H(58A) 78.7 

C(56B)-C(58A)-H(58A) 78.6 

C(57)-C(58A)-H(58B) 112.2 

O(13)-C(58A)-H(58B) 112.2 

C(55B)-C(58A)-H(58B) 150.4 

C(56B)-C(58A)-H(58B) 162.2 

H(58A)-C(58A)-H(58B) 109.8 

O(13)-C(58B)-C(57) 113.3(11) 
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O(13)-C(58B)-H(58C) 108.9 

C(57)-C(58B)-H(58C) 108.9 

O(13)-C(58B)-H(58D) 108.9 

C(57)-C(58B)-H(58D) 108.9 

H(58C)-C(58B)-H(58D) 107.7 

O(19)-C(59)-C(60) 110.6(6) 

O(19)-C(59)-H(59A) 109.5 

C(60)-C(59)-H(59A) 109.5 

O(19)-C(59)-H(59B) 109.5 

C(60)-C(59)-H(59B) 109.5 

H(59A)-C(59)-H(59B) 108.1 

O(14)-C(60)-C(59) 109.0(6) 

O(14)-C(60)-H(60A) 109.9 

C(59)-C(60)-H(60A) 109.9 

O(14)-C(60)-H(60B) 109.9 

C(59)-C(60)-H(60B) 109.9 

H(60A)-C(60)-H(60B) 108.3 

O(14)-C(61)-C(62) 108.9(6) 

O(14)-C(61)-H(61A) 109.9 

C(62)-C(61)-H(61A) 109.9 

O(14)-C(61)-H(61B) 109.9 

C(62)-C(61)-H(61B) 109.9 

H(61A)-C(61)-H(61B) 108.3 

O(15)-C(62)-C(61) 108.3(6) 

O(15)-C(62)-H(62A) 110.0 

C(61)-C(62)-H(62A) 110.0 

O(15)-C(62)-H(62B) 110.0 

C(61)-C(62)-H(62B) 110.0 

H(62A)-C(62)-H(62B) 108.4 

O(15)-C(63)-C(64) 107.9(6) 

O(15)-C(63)-H(63A) 110.1 

C(64)-C(63)-H(63A) 110.1 

O(15)-C(63)-H(63B) 110.1 

C(64)-C(63)-H(63B) 110.1 

H(63A)-C(63)-H(63B) 108.4 

O(16)-C(64)-C(63) 108.3(6) 

O(16)-C(64)-H(64A) 110.0 

C(63)-C(64)-H(64A) 110.0 

O(16)-C(64)-H(64B) 110.0 

C(63)-C(64)-H(64B) 110.0 

H(64A)-C(64)-H(64B) 108.4 

O(16)-C(65)-C(66) 107.0(6) 

O(16)-C(65)-H(65A) 110.3 

C(66)-C(65)-H(65A) 110.3 

O(16)-C(65)-H(65B) 110.3 

C(66)-C(65)-H(65B) 110.3 

H(65A)-C(65)-H(65B) 108.6 

O(17)-C(66)-C(65) 108.0(5) 

O(17)-C(66)-H(66A) 110.1 

C(65)-C(66)-H(66A) 110.1 

O(17)-C(66)-H(66B) 110.1 

C(65)-C(66)-H(66B) 110.1 

H(66A)-C(66)-H(66B) 108.4 

O(17)-C(67)-C(68) 108.2(6) 
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O(17)-C(67)-H(67A) 110.1 

C(68)-C(67)-H(67A) 110.1 

O(17)-C(67)-H(67B) 110.1 

C(68)-C(67)-H(67B) 110.1 

H(67A)-C(67)-H(67B) 108.4 

O(18)-C(68)-C(67) 108.9(6) 

O(18)-C(68)-H(68A) 109.9 

C(67)-C(68)-H(68A) 109.9 

O(18)-C(68)-H(68B) 109.9 

C(67)-C(68)-H(68B) 109.9 

H(68A)-C(68)-H(68B) 108.3 

O(18)-C(69)-C(70) 108.6(6) 

O(18)-C(69)-H(69A) 110.0 

C(70)-C(69)-H(69A) 110.0 

O(18)-C(69)-H(69B) 110.0 

C(70)-C(69)-H(69B) 110.0 

H(69A)-C(69)-H(69B) 108.4 

O(19)-C(70)-C(69) 110.0(6) 

O(19)-C(70)-H(70A) 109.7 

C(69)-C(70)-H(70A) 109.7 

O(19)-C(70)-H(70B) 109.7 

C(69)-C(70)-H(70B) 109.7 

H(70A)-C(70)-H(70B) 108.2 

O(20)-C(71)-C(72) 111.8(9) 

O(20)-C(71)-H(71A) 109.3 

C(72)-C(71)-H(71A) 109.3 

O(20)-C(71)-H(71B) 109.3 

C(72)-C(71)-H(71B) 109.3 

H(71A)-C(71)-H(71B) 107.9 

C(71)-C(72)-C(73A) 106.0(9) 

C(71)-C(72)-C(73B) 89.9(13) 

C(73A)-C(72)-C(73B) 56.7(15) 

C(71)-C(72)-H(72C) 110.5 

C(73A)-C(72)-H(72C) 110.5 

C(73B)-C(72)-H(72C) 159.0 

C(71)-C(72)-H(72D) 110.5 

C(73A)-C(72)-H(72D) 110.5 

C(73B)-C(72)-H(72D) 66.4 

H(72C)-C(72)-H(72D) 108.7 

C(71)-C(72)-H(72A) 113.7 

C(73A)-C(72)-H(72A) 57.3 

C(73B)-C(72)-H(72A) 113.7 

H(72C)-C(72)-H(72A) 54.4 

H(72D)-C(72)-H(72A) 135.8 

C(71)-C(72)-H(72B) 113.7 

C(73A)-C(72)-H(72B) 139.4 

C(73B)-C(72)-H(72B) 113.7 

H(72C)-C(72)-H(72B) 63.5 

H(72D)-C(72)-H(72B) 47.4 

H(72A)-C(72)-H(72B) 110.9 

C(72)-C(73A)-C(74A) 105.5(9) 

C(72)-C(73A)-H(73A) 110.6 

C(74A)-C(73A)-H(73A) 110.6 

C(72)-C(73A)-H(73B) 110.6 
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C(74A)-C(73A)-H(73B) 110.6 

H(73A)-C(73A)-H(73B) 108.8 

C(72)-C(73B)-C(74B) 101(2) 

C(72)-C(73B)-H(73C) 111.5 

C(74B)-C(73B)-H(73C) 111.5 

C(72)-C(73B)-H(73D) 111.5 

C(74B)-C(73B)-H(73D) 111.5 

H(73C)-C(73B)-H(73D) 109.3 

O(20)-C(74A)-C(73A) 106.4(9) 

O(20)-C(74A)-H(74A) 110.4 

C(73A)-C(74A)-H(74A) 110.4 

O(20)-C(74A)-H(74B) 110.4 

C(73A)-C(74A)-H(74B) 110.4 

H(74A)-C(74A)-H(74B) 108.6 

C(73B)-C(74B)-O(20) 106.1(19) 

C(73B)-C(74B)-H(74C) 110.5 

O(20)-C(74B)-H(74C) 110.5 

C(73B)-C(74B)-H(74D) 110.5 

O(20)-C(74B)-H(74D) 110.5 

H(74C)-C(74B)-H(74D) 108.7 

 

___________________________________________________________________________________ 
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Chapter 6 Chapter 6 

Chapter 6 

 

Heterogenization of CO2 reduction electrocatalysts. 

 

6.1 Introduction 

 There is widespread agreement amongst chemists and engineers that a 

potential catalyst for the large-scale electrochemical reduction of CO2 to value-added 

products will be heterogeneous in nature. This “requirement” can, of course, take 

many forms. The first type of heterogeneous catalyst is the typical metal or metal 

oxide. Examples of these include copper electrodes, surfaces decorated with platinum 

nanoparticles, films of ruthenium oxide and many others. These types of catalysts 

have the advantage of long-term stability and ease of synthesis, but suffer from a lack 

of mechanistic understanding (in many cases) and low selectivity for desired 

products.
1
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  A second type heterogenization is the covalent bonding of discrete molecules 

to a surface. This method has the advantage of being able to develop a homogeneous 

catalyst first, optimizing it and later anchoring it to a surface. Optimization includes 

improving selectivity, increasing efficiency, lowering overpotential, and increasing 

rates to acceptable levels. In addition, homogeneous catalysis lends itself to 

mechanistic studies that are well-developed and understood by a wide swath of the 

scientific community. The heterogenization of this type of catalyst is an exciting 

opportunity for research going forward. Although not small molecules, 

heterogenization of homogeneous systems has been accomplished by the adsorption of 

enzymes to electrode surfaces.
2, 3

 

 We have explored three different heterogenization methods for the Re(
2
-

L)(CO)3Cl catalysts studied in our laboratory (
2
-L = 4,4’-disubstituted-2,2’-

bipyridine or phenanthroline derivatives). The three methods include intercalation into 

edge plane graphite and attachment through covalent bonds to both gold and p-type 

silicon (p-Si). In each case, the goal is to take a well understood catalyst and anchor it 

to the surface to increase stability and enhance heterogeneous charge transfer from the 

electrode surface to the active site.  

 

6.2 Intercalation   

 One very common form of intercalation is the inclusion of guest molecules in a 

graphite lattice.
4
 This form of intercalation compound includes KC8, a very useful 

compound for performing strong chemical reductions. Another common intercalation 
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strategy is the interaction of molecules with DNA helices.
5
 In this effort, we used a 

less widely known method of intercalation that almost serves as a hybrid of the two 

methods. Here we constructed a metal complex with a large aromatic ligand identical 

to the ligands used in many DNA intercalation studies, but aimed to combine it with 

edge-plane graphite and exploit  interactions. 

 A suitable phenanthroline derivate for intercalation into edge-plane graphite 

had been reported previously.
6
 The ligand, benzo[i]dipyrido[3,2-a:2',3'-c]phenazine 

(dppn), is readily synthesized by the reflux of 1,10-phenanthroline-5,6-dione and 

diaminonaphthalene in ethanol. After isolating the ligand, we were able to synthesize 

 
Figure 6-1. Cyclic voltammogram of 0.5 mM Re(dppn)(CO)3Cl at a glassy carbon electrode in 

acetonitrile. The two reductions are typical of this type of Re complex. Electrochemical conditions 

are as follows: GC working electrode, Pt wire counter electrode, Ag wire pseudo-reference 

electrode, Fc added as an internal reference, 0.1 M TBAH as supporting electrolyte.  
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the Re complex by the reflux of dppn with Re(CO)5Cl in toluene. The complex, 

Re(dppn)(CO)3Cl, was studied by cyclic voltammetry at a glassy carbon electrode 

before intercalation was attempted. The complex has two reductions. The first is 

quasi-reversible and has an E1/2 of –960 mV (vs. SCE). The second reduction is 

irreversible and has a peak value of –1540 mV (vs. SCE) (Figure 6-1).   

After the initial cyclic voltammetric studies, the glassy carbon electrode was 

replaced by an edge-plane pyrolytic graphite (PGEE) electrode and the cyclic 

voltammograms were cycled several times. This cycling served to bring the Re 

complex in close proximity to the PGEE electrode by diffusion and caused 

intercalation (schematic in Figure 6-2). After cycling, the PGEE electrode was 

removed from the solution of Re(dppn)(CO)3Cl, rinsed copiously and placed in a 

blank solution to see if intercalation had occurred. The continued appearance of peaks 

in the cyclic voltammogram was an indication of intercalation. Another indication of 

intercalation is that the splitting between the peaks of a reversible couple diminishes. 

 
 

Figure 6-2. Schematic of dppn ligand intercalation into an edge-plane pyrolytic graphite (PGEE) 

electrode. 
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Ideal Nernstian behavior for a surface-confined species manifests itself as symmetric 

cyclic voltammetric peaks (Ep = 0 mV), and a peak half-width of 90.6/n mV.
7
  Lastly, 

the current scaled linearly with an increase in scan rate, indicating (based on E6-1) that 

the species is surface attached.
7
 

   
       

   
   E6-1 

 In equation 6-1, ip is the peak current, n is the number of electrons, F is 

Faraday’s constant,  is the surface coverage, A is the electrode area, v is the scan rate, 

R is the ideal gas constant, and T is the temperature. For the Re(dppn)(CO)3Cl species 

 
 

Figure 6-3. Re(dppn)(CO)3Cl at a PGEE electrode (intercalated). Scan rate increased from 50 mV/s 

to 500 mV/s with only the first reduction of the complex shown. Electrochemical conditions: PGEE 

working electrode, Pt wire counter electrode, Ag wire pseudo-reference electrode, acetonitrile with 

0.1 M TBAH as supporting electrolyte. 
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intercalated in a PGEE electrode the reduction and re-oxidation peaks for the first 

reduction are separated by nearly 80 mV and have a peak half width greater than 90.6 

mV. This indicates that the first reduction is not completely reversible, an assumption 

we had made prior to these studies based on the chemical step of halide loss that 

occurs after the first reduction. The reduction peak current does, however, scale 

linearly with scan rate as can be seen in Figures 6-3 and 6-4, indicating that the Re 

complex is, in fact, intercalated.  

 Catalytic studies with this intercalated system proved unsuccessful. One main 

goal of intercalation was to make water a viable solvent option by eliminating the 

 
 

Figure 6-4. Scan rate versus current for the intercalated Re(dppn)(CO)3Cl complex at a PGEE 

electrode. The linear relationship between scan rate and current is indicative of a surface-attached 

species. 
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requirement of catalyst solubility. Attempting to obtain this goal, the PGEE electrode 

with Re(dppn)(CO)3Cl intercalated was placed in an aqueous KOH solution saturated 

with CO2 and scans were run to determine catalytic activity. Aqueous KOH was used 

as the solvent media because it allows for the most negative solvent window before 

proton reduction to H2 begins. No increase in current was seen with CO2 saturation in 

those studies and, in fact, the second reduction of the Re complex was not seen in 

those scans.  

 Catalytic studies in blank acetonitrile (MeCN) solutions were also attempted. 

In those solutions, we were able to see both reductions of the intercalated Re complex, 

but no catalysis occurred when the MeCN solution was saturated with CO2. Possible 

reasons for the lack of catalysis are insufficiently negative reduction potentials, lack of 

freedom for geometric rearrangement of the molecule in the reduced state, or 

insufficient access of the CO2 to the active site because of molecular packing effects. 

These are issues that could be addressed with further experimentation and are 

discussed below in the conclusions.   

    

6.3 Covalent bonds to gold 

 Another well-known surface attachment strategy is the covalent binding of a 

thiol to a gold surface. This method has been employed for countless applications and 

has been used previously in our laboratory.
8
 In an effort to attach a Re(bipy)(CO)3X 

catalyst to a planar gold surface we employed a four step synthesis to make Re(bipy-

SH)(CO)3Cl (where bipy-SH = 4-methyl-4’-(butane-1-thiol)-2,2’-bipyrdine) (Figure
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Figure 6-5. Scheme for the synthesis of Re(bipy-SH)(CO)3Cl for covalent attachment to a gold 

surface. 
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6-5). The synthesis of both the ligand and the Re complex are described in detail in the 

Experimental section.   

 Once the Re(bipy-SH)(CO)3Cl complex was synthesized, a self-assembled 

monolayer (SAM) was formed by allowing a gold slide to rest in a 10 mM solution of 

the Re complex in methylene chloride (CH2Cl2) for 48 hours. After that time the 

surface was rinsed copiously with organic solvents and polarization modulation 

infrared reflection absorption spectroscopy (PM-IRRAS) was performed to 

characterize the surface of the Au slide. The PM-IRRAS showed two ν(CO) stretching 

frequencies at 2031 cm
–1

 and 1927 cm
–1

 (broad) (Figure 6-6). The broad absorption at 

1927 cm
–1

 is most likely the overlap of the two lower energy stretches referenced 

 
 

Figure 6-6. PM-IRRAS of a SAM of Re(bipy-SH)(CO)3Cl on a gold slide. 
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throughout this dissertation.   

 Electrochemical experiments were attempted using the Au slides with Re(bipy-

SH)(CO)3Cl SAMs, but several difficulties were encountered. The first of these is that 

the monolayer coverage of Re complexes seemed to be inhibiting electrolyte 

penetration in the initial studies. In order to combat this problem, the electrolyte was 

changed from tetrabutylammonium hexafluorophosphate (TBAH) to 

tetramethylammonium hexafluorophosphate (TMAH) in order to decrease size and 

 
 

Figure 6-7. Differential Pulse Voltammogram of Re(bipy-SH)(CO)3Cl on a gold electrode. The first 

feature at –900 mV is O2 and diminishes with argon-sparging, the second feature at –1530 mV is the 

first reduction of the complex, the small feature at –1910 mV is the second reduction of the 

complex, and the last feature at –2530 mV appears to be the production of H2 by the gold surface. 

The second reduction feature (–1910 mV) is very small, presumably because the Au–S bond is not 

stable at these negative potentials and the Re complex is released from the surface. 
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minimize resistance in the cell. This method seemed to work and electrochemistry 

improved. 

 The second problem that was encountered was the low stability of Au–S bonds 

to reductive chemistry. At the very negative potentials needed to reduce the Re 

complex a second time, the Au–S bond is not stable and complex begins to come off 

the surface. We were able to obtain one differential pulse voltammogram (DPV) that 

may show both reductions, but the second of the two is much smaller, possibly 

indicating release of the complex from the surface (Figure 6-7). In the end, we were 

not able to see either reduction cleanly and were not able to further characterize the 

complex by electrochemical methods.     

 

6.4 Covalent bonds to p-Si 

 One major goal of the energy-related research in our laboratory has been the 

photoelectrochemical reduction of CO2 to value-added products at semiconductor 

electrodes.
9, 10

 Through the use of semiconductor electrodes, coupled with irradiation 

by light in the visible spectrum, we are able to realize a photovoltage and reduce 

substrates with less overpotential. Practically, this photovoltage leads to a decrease in 

the energy needed from wall source electricity. Several studies in our laboratory have 

concluded that this type of electrochemical reduction is possible using a p-Si surface 

that is hydrogen-terminated or modified with hexyl or ethyl phenyl groups, and a 

homogeneous catalyst. Through these studies it was also evident that p-Si surfaces 

modified with hexyl or ethyl phenyl groups are more robust than those that are 
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hydrogen terminated. For these reasons, Dr. Bhupendra Kumar and I attempted to 

attach rhenium CO2 reduction catalysts to p-Si surfaces in an effort to make the overall 

system more robust and efficient.  

 The Lewis acid method for silicon surface modification was used. This method 

requires a terminal alkene at the point of contact to the surface. Towards this end, we 

employed a two-step ligand synthesis starting from 4,4’-dimethyl-2,2’-bipyridine that 

is described in detail in the Experimental section. The synthesis yielded what I will 

refer to as bipy-R (where bipy-R = 4-methyl-4’(dodec-11-en-1-yl)-2,2’-bipyridine) 

(Figure 6-8), a ligand suitable for attachment to a p-Si surface. In the Lewis acid 

method for covalently linking alkenes to p-Si, ethyl aluminum dichloride (EtAlCl2) is 

mixed with the alkene and exposed to the hydrogen-terminated silicon surface for 

some time at room temperature.
11

 After ligand attachment, the bipyridine-modified p-

Si surface was exposed to Re(CO)5Cl in toluene at elevated temperatures for 24 hours 

to yield the Re complex covalently attached to p-Si. The surface-attached Re complex 

 
 

Figure 6-8. Chemical structure of 4-methyl-4’-(dodec-11-en-1-yl)-2,2’-bipyridine for covalent 

attachment to a p-Si surface. 
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was characterized by both grazing angle transmittance IR and XPS.
12

 The IR, shown 

in Figure 6-9, clearly shows two ν(CO) stretching frequencies where the lower energy 

band is broad and represents an overlap of two bands.  

 Electrochemical experiments with these samples showed no reduction peaks. 

The possible reasons we propose for this problem are: 1) oxidation of the surface 

during one or more of the modification steps that results in an excess of defects, 

preventing clean electrochemistry and/or 2.) close packing of the Re complexes on the 

surface that limits the electrons that are transferred from the surface to the 

 
 

Figure 6-9. IR of Re(bipy-R)(CO)3Cl on a p-Si surface. The two lower energy ν(CO) stretching 

frequencies are overlapped and broad. 
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electrochemically active center. There are possibilities to improve this system that I 

will discuss in the next section.   

 

6.5 Conclusions and future experiments 

 Three heterogenization methods were performed to anchor Re(
2
-L)(CO)3Cl 

catalysts to electrode surfaces with the goal of improving catalyst stability and 

heterogeneous charge transfer properties. The first method, intercalation, was achieved 

using Re(dppn)(CO)3Cl and edge-plane pyrolytic graphite (PGEE) electrodes. 

Electrochemical properties of the surface were probed, but no catalysis was seen in 

 
 

Figure 6-10. Possible ligand for the intercalation of electrocatalysts into PGEE electrodes. 
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this system. One possible reason for the lack of catalysis is the decreased reduction 

potential of the system when compared to working catalysts like Re(bipy)(CO)3Cl or 

those complexes with bipyridines modified in the 4,4’ positions by alkyl groups. This 

decrease in potential is caused by the electron withdrawing nature of the aromatic 

backbone in the dppn ligand. One possible solution to this problem would be a 

different ligand, such as the one shown in Figure 6-10. In that ligand, the aromatic 

intercalating backbone is separated from the bipyridine moiety by a methylene bridge, 

a feature that should make the ligand behave electronically more like a 4,4’-dialkyl-

2,2’-bipyridine.  

 Covalent attachment to gold was also accomplished through the synthesis of a 

new thiol-bipyridine ligand. That product also proved unsuccessful for the 

electrochemical reduction of CO2 due to a lack of stability of Au–S bonds at the very 

negative potentials needed to reach the second reduction of the complex. This 

heterogenization method has the potential to succeed only at much lower potentials 

with catalysts that can carry appreciable current densities closer to the thermodynamic 

potential for the multi-electron reductions of CO2 to value-added products.  

 The third heterogenization method, covalent attachment of CO2 

electrocatalysts to p-Si, was also achieved. A new bipyridine derivative with a 

terminal alkene was synthesized and attached to p-Si by the Lewis acid method. That 

ligand was then metallated to make the Re complex. Electrochemistry of these 

samples proved unsuccessful for various reasons. This method, however, is one that 

should be explored further. One way to improve the surface kinetics of these samples 
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is to make a mixed monolayer of the bipy-alkene with ethyl phenyl groups. A previous 

report from our laboratory showed that the ethyl phenyl surface possesses very good 

heterogeneous charge transfer properties to the solution.
13

 That property, combined 

with the “diluting” nature of the mixed monolayer, may result in better 

electrochemistry and the opportunity to reduce CO2 to CO with a heterogenized 

molecular catalyst.   

 

6.6 Experimental 

General considerations. 
1
H NMR spectra were collected on a Jeol 500 MHz NMR 

spectrometer and data was manipulated using the Jeol Delta Software package. 

Infrared spectra were collected on a Bruker Equinox 55 spectrometer. 

Electrochemistry was performed with a Bas Epsilon potentiostat. All chemicals were 

used as received from the manufacturer with the exception of the tetrabutyl- and 

tetramethyl-ammonium hexafluorophosphate that were both twice recrystallized from 

methanol before use, and the solvents that were sparged with argon and purified over 

alumina columns on a custom-dry solvent system.    

 

Synthesis of benzo[i]dipyrido[3,2-a:2',3'-c]phenazine (dppn). 1,10-phenanthroline-

5,6-dione (500 mg, 2.37 mmol) was added to a round bottom flask with 100 mL of 

reagent grade EtOH that had been sparged with argon for 15 minutes. The solution 

was stirred and heated until all solid was dissolved. To that solution, 

diaminophenanthroline (375 mg, 2.37 mmol) was added and a reflux condenser was 



200 

 
 

attached with a flow of argon. The reaction mixture started to turn orange almost 

immediately upon mixing and solid began to crash out. The reaction mixture was 

allowed to reflux for 18 hours. Upon cooling to room temperature, followed by 

cooling to –30 °C in the freezer, solid had crashed out. The solid was filtered and dried 

overnight under vacuum at 60 °C. The dried product was an orange crystalline solid 

(505 mg, 64% yield). Es
+
-MS Calc: 333.11 (100%), Found: 333.45 (100%). 

1
H NMR 

(400 MHz, ppm, CD2Cl2) 9.47 (d, 2H), 9.05 (d, 2H), 8.80 (d, 2H), 8.07 (d, 2H), 7.71 

(d, 2H), 7.43 (d, 2H). 

 

Synthesis of Re(dppn)(CO)3Cl. Re(CO)5Cl (162 mg, 0.45 mmol) and dppn (148 mg, 

0.45 mmol) were added to a Schlenk flask containing 60 mL of toluene that had been 

sparged with argon for 15 minutes. The reaction mixture was refluxed for 2 hours. 

Once reflux was achieved the solution quickly turned deep orange. The solution was 

then cooled to room temperature and became cloudy. After sitting overnight at –30 °C 

the product had crashed out of solution and was filtered. The yellow/orange product 

was dried under vacuum overnight at 60 °C. During solubility tests it was observed 

that the complex is sparingly soluble in organic solvents including MeCN, THF and 

DMSO. IR (KBr pellet) ν(CO): 2020 cm
–1

, 1914 cm
–1

, 1897 cm
–1

. 
1
H NMR (300 

MHz, ppm, DMSO-d6, peaks difficult to resolve due to low solubility) 9.81 (m, 2H), 

9.52 (dd, 2H), 9.21 (d, 2H), 8.40 (m, 2H), 8.25 (m, 2H), 7.75 (m, 2H). 
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Synthesis of 4-(but-3-en-1-yl)-4'-methyl-2,2'-bipyridine. 4,4’-dimethyl-2,2’-

bipyridine (1.66 g, 9.0 mmol) was dissolved in 100 mL dry THF and cooled to –78 °C. 

Lithium diisopropyl amide (LDA, 1.8 M in heptane/THF/ethyl benzene, 5.0 mL, 9.0 

mmol) was added dropwise over a period of ca. 10 minutes. The reaction mixture 

turned dark brown upon addition and was stirred for 30 minutes while warming to 0 

°C. After 30 minutes, the reaction mixture was cooled back to –78 °C and allyl 

bromide (1.5 mL, 17.3 mmol) was added via syringe and the reaction mixture was 

stirred overnight while slowly warming to room temperature. DI-H2O (5 mL) was 

added to quench the remaining LDA and the other solvents were removed by rotary 

evaporation. The product was extracted from the aqueous layer with three portions of 

Et2O (50 mL each). The combined organic phase was dried with MgSO4 and the Et2O 

was removed under vacuum. The product was dissolved in 10 mL of pentane and 

filtered through a plug of celite to remove educt. Pentane was removed by rotary 

evaporation to yield a brown oil (1.66 g, 82% yield). 
1
H NMR (500 MHz, ppm, 

CDCl3) 2.35 (s, 3H), 2.39 (t, 2H), 2.72 (t, 2H), 4.93 (d, 1H), 4.99 (d, 1H), 5.77 (m, 

1H), 7.05 (t, 2H), 8.18 (d, 2H), 8.48 (dd, 2H). 

 

Synthesis of S-(4-(4'-methyl-[2,2'-bipyridin]-4-yl)butyl) ethanethioate [bipy-

SCOCH3]. A solution of 4-(but-3-en-1-yl)-4'-methyl-2,2'-bipyridine (1.02 g, 4.45 

mmol) and thioacetic acid (2.0 mL, 28.4 mmol) in 50 mL chloroform was refluxed 

with stirring overnight in the presence of a small amount (spatula tip) of AIBN. The 

next day the reaction mixture was irradiated with UV light for four hours. The solution 
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was removed from irradiation and the solvent was removed by rotary evaporation 

resulting in an orange liquid. The product was purified by recrystallization from a 

solution of CH2Cl2 with hexanes, followed by being filtered through a plug of celite in 

CH2Cl2. The final product was a yellow solid (400 mg, 29%). 
1
H NMR (500 MHz, 

ppm, Acetone-d6) 1.65 (quint., 2H), 1.78 (quint., 2H), 2.29 (s, 3H), 2.44 (s, 3H), 2.76 

(t, 2H), 2.93 (t, 2H), 7.25 (dd, 2H), 8.31 (d, 2H), 8.52 (dd, 2H).  

 

Synthesis of Re(bipy-SCOCH3)(CO)3Cl. Bipy-SCOCH3 (200 mg, 0.66 mmol) and 

Re(CO)5Cl (250 mg, 0.69 mmol) were added to a round bottom flask containing 30 

mL of toluene. The reaction mixture was refluxed for two hours. With heating the 

solution turned yellow. After two hours of reflux, the heat was removed and the 

reaction mixture was allowed to cool to room temperature. Toluene was removed by 

rotary evaporation and the resulting oil was dissolved in a minimal amount of acetone. 

Hexane was added dropwise to crash the product out of solution. The solid was 

filtered and weighed (150 mg, 40% yield). IR (CH3CN) ν(CO): 2024 cm
–1

, 1916 cm
–1

, 

1899 cm
–1

. 
1
H NMR (500 MHz, ppm, Acetone-d6) 1.67 (quint., 2H), 1.86 (quint., 2H), 

2.31 (s, 3H), 2.61 (s, 3H), 2.83 (t, 2H), 2.94 (t, 2H), 7.62 (dd, 2H), 8.58 (d, 2H), 8.92 

(dd, 2H). 

 

Synthesis of Re(4-methyl-4’-(butane-1-thiol)-2,2’-bipyrdine)(CO)3Cl. Re(bipy-

SCOCH3)(CO)3Cl (500 mg, 0.82 mmol) and an excess of powdered KOH (400 mg, 

7.13 mmol) was stirred in 50 mL THF and 10 mL H2O overnight with reflux. After 
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reflux, the THF was removed by rotary evaporation, leaving the water and a brown, 

oily product. The aqueous phase was extracted four times with CHCl3 (25 mL each) 

and the combined organic phases were dried with MgSO4. The solvent was then 

removed under vacuum, leaving a brown oil as the product. Column chromatography 

was performed (silica, CHCl3/hexane/MeOH 7:3:1) and four different fractions were 

obtained. The last of the four fractions contained pure product as an orange oil. The oil 

was dissolved in acetone and crashed out as a solid with hexane. The solid was 

obtained by filtration (280 mg, 60% yield).
 1

H NMR (500 MHz, ppm, Acetone-d6) 

1.74 (quint., 2H), 1.85 (quint., 2H), 2.57 (s, 3H), 2.73 (t, 2H), 2.89 (t, 2H), 7.61 (dd, 

2H), 8.54 (d, 2H), 8.91 (dd, 2H). IR (CH3CN) ν(CO): 2024 cm
–1

, 1916 cm
–1

, 1899 cm
–

1
.  

 

Synthesis of 4-methyl-4’(dodec-11-en-1-yl)-2,2’-bipyridine. 4,4’-dimethyl-2,2’-

bipyridine (500 mg, 2.71 mmol) was dissolved in 80 mL of THF from the dry solvent 

system. To that solution, LDA (1.8 M in heptane/THF/ethyl benzene, 1.66 mL, 2.98 

mmol) was added dropwise at –78 °C. The reaction mixture turned dark red/brown 

upon addition of LDA. The mixture was allowed to warm to 0 °C for 10 minutes 

before being cooled back down to –78 °C. After re-cooling, 1-bromo undecene (640 

mg, 2.74 mmol) was added dropwise to the reaction mixture and left to stir overnight 

while slowly warming to room temperature. After that period of time, the reaction 

mixture had changed color to mostly clear, with a hint of green. The reaction was 

quenched with 20 mL of DI-H2O and THF was removed by rotary evaporation, 



204 

 
 

leaving a cloudy H2O solution. The aqueous layer was extracted three times with 200 

mL of Et2O and the combined organic layers were dried with Na2SO4 before being 

evaporated to dryness. What remained was oil that was put under vacuum in the dark 

for 48 hours. The oily product was dissolved in pentane, leaving a small amount of 

white powder undissolved that was later identified as dimethyl bipyridine starting 

material. The pentane was removed under vacuum, leaving an off-white powder in 

70% yield (638 mg). 
1
H NMR (500 MHz, ppm, CDCl3) 1.30 (m, 14H), 1.67 (quintet, 

2H), 2.01 (quartet, 2H), 2.42 (s, 3H), 2.67 (t, 2H), 4.90 (m, 1H), 4.97 (m, 1H), 5.78 

(m, 1 H), 7.13 (d, 2H), 8.25 (d, 2H), 8.53 (dd, 2H).  

 

Surface modification of p-Si with 4-methyl-4’(dodec-11-en-1-yl)-2,2’-bipyridine. 

This work was performed by Dr. Bhupendra Kumar and is published in detail in his 

recently published dissertation.
12 

 

Metallation of surface-bound 4-methyl-4’(dodec-11-en-1-yl)-2,2’-bipyridine. A 

schematic for the set-up used in this synthesis can be found in Figure 6-11. Under an 

atmosphere of argon, p-Si wafers that had been modified with 4-methyl-4’(dodec-11-

en-1-yl)-2,2’-bipyridine were submerged in toluene in small (7.5 mL) scintillation 

vials that allowed them to stand on edge with the modified face exposed to solution. 

Those vials were placed in a flask that also contained toluene and an excess of 

Re(CO)5Cl was added. A reflux condenser was affixed to the top of that flask and heat 

was applied to reflux for a period of 16 hours. After reflux, heat was removed from the 
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reaction mixture and the solution was allowed to cool to room temperature. The Si 

wafers were removed from solution and rinsed copiously with toluene, acetonitrile, 

THF and acetone. Those samples were analyzed by XPS in the Lewis laboratory at 

CalTech and were positive for both nitrogen (in the bipyridine ring) and Re. We also 

performed grazing angle transmittance IR and found two ν(CO) stretches at 2025 and 

1913 cm
–1

.  
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Note: The material in this chapter is unpublished work and much of it was performed 

in collaboration with Mr. Timo Schotzko and Dr. Bhupendra Kumar.  

 
 

Figure 6-11. Set-up for the metalation of bipyridine ligands covalently attached to p-Si. A reflux 

condenser is attached in the “Argon in” hole and the reaction flask is heated by sand bath. The p-Si 

1 cm
2
 p-Si wafers are propped inside 7.5 mL scintillation vials to assure constant exposure of the 

modified surface with the bulk solution. 
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